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Abstract 

Understanding how brains evolve requires a system in which selective history, brain size and 

structure, skull morphology, and behavioral specialization can be measured directly, dissociated from one 

another, and compared across differentiable lineages. The domestic dog (Canis familiaris) provides 

exactly this. Through a combination of natural and artificial selection, dogs have evolved extraordinary 

variation in skull morphology, brain anatomy, and behavior within a single species, and they can be 

studied using the same neuroimaging methods applied to humans. In this dissertation, I use dogs as a 

living model system to test biological principles of brain evolution that are directly relevant to the human 

lineage. In Chapter 2, I show that variation in skull shape significantly predicts regional gray matter 

volume, demonstrating that selection on skull morphology can reshape brain organization. In Chapter 3, I 

characterize widespread neuroanatomical asymmetry in the canine brain and find that lateralization does 

not scale with brain size, suggesting it is not simply a byproduct of encephalization but may instead reflect 

selection on lateralized behaviors. In Chapter 4, I compare modern breed dogs, which were intensively 

selected for cooperative learning, with premodern dogs that underwent far less artificial selection. Modern 

breeds show cortical expansion linked to trainability, while premodern dogs show amygdala enlargement 

linked to fear. In Chapter 5, I extend this comparison to white matter and find that modern breeds exhibit 

greater fractional anisotropy, altered connectome topology, and fractional anisotropy patterns that predict 

trainability. In Chapter 6, I compare Labrador retrievers that vary in breeding lineage and training history 

and find evidence for experience-dependent plasticity in working dogs but no innate neuroanatomical 

differences between non-working dogs from different lineages, suggesting that selection may favor 

neuroplasticity itself rather than canalization of specific skills. Altogether, this dissertation demonstrates 

that even over short evolutionary timescales, selection can substantially reshape brain structure, and that 
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the domestic dog offers a powerful window into the principles governing brain evolution in species that 

shares our anthropogenic niche.  
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Chapter 1 Introduction 

1.1 Reconstructing Human Brain Evolution 

Brain evolution is central to the origin of our species. Since diverging from our last common 

ancestor with chimpanzees and bonobos approximately 6-7 million years ago (Besenbacher et al., 2019; 

Kumar et al., 2005), the hominin lineage acquired a suite of neural adaptations (Hecht et al., 2015a; 

Preuss, 2011; Van Den Heuvel et al., 2023) that enabled their expansion into diverse environments 

across the African continent and later the rest of the globe (Groucutt et al., 2015; Scerri et al., 2018; Zeller 

et al., 2023). In particular, the genus Homo is hypothesized to have evolved neural mechanisms that 

enhanced the transmission and inheritance of cultural information (Stout & Hecht, 2017), resulting from 

cortical expansion (Buckner & Krienen, 2013) and modification of pre-existing brain adaptations (Platt et 

al., 2016). Such changes appear to have enabled the emergence of cumulative culture (Muthukrishna et 

al., 2018), which is a defining feature of our species (Boyd et al., 2011). 

Yet our ability to reconstruct this evolutionary history is severely constrained. Hominin endocrania 

and endocasts provide only a coarse proxy for brain organization, as external cortical morphology is 

largely independent of internal neural architecture (Alatorre Warren et al., 2019), rendering important 

neural features such as connectivity completely invisible to the fossil record. While this can be 

circumvented by investigating the brains of our modern great ape relatives, these studies are limited by 

the long divergence time between great apes and humans, the possibility that modern ape lineages have 

themselves diverged considerably from our last common ancestor (Almécija et al., 2021; Staes et al., 

2019), and the difficulty of determining which neural differences between humans and apes correspond to 

which behavioral differences (Logan et al., 2018). The highly plastic nature of the human brain further 

complicates the matter of distinguishing innate adaptations from specializations resulting from experience 

(Buckner & Krienen, 2013; Hecht, 2018). These issues call for the use of a model system to study 

relevant patterns of brain evolution in a controlled manner with high temporal resolution (i.e., the capacity 

to sample brain organization at many points along an evolutionary trajectory, rather than only at its 

endpoints).  
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1.2 A Living Comparative Framework 

 The domestic dog (Canis familiaris) offers an unexpected solution to these problems. 

Like humans, dogs evolved to inhabit the anthropogenic environment, but this process unfolded on a 

timescale that we can interrogate directly through comparisons of differentiable, extant lineages. 

Sometime between 40,000 and 15,000 years ago, dogs diverged from a now-extinct ancient wolf 

population (Bergström et al., 2022; Freedman et al., 2014) and were progressively shaped by the 

demands of living alongside humans. Crucially, this process has multiple, separable phases: an early 

commensal transition in which proto-dogs adapted to human settlements (Coppinger & Coppinger, 2001); 

subsequent periods of modest, function-driven artificial selection (Brassard et al., 2022; Hansen Wheat et 

al., 2020); and an intense phase of selective breeding over the past 200 years that has produced the 

highly derived modern breeds we recognize today (Worboys et al., 2018). Because these phases differ in 

their selective pressures and their effects on brain and behavior, they provide a natural comparative 

design for dissociating what cannot be dissociated in the hominin record. Specifically, they can inform 

what happens to brain structure and behavior when selection acts on socially learned skills and on brain 

size itself, and how these effects vary across populations and lineages.  

It is important to note at the outset that this framework does not assume that humans are a 

domesticated species in the same sense as dogs. Whether dogs and humans share a domestication 

syndrome is a debated question that will not be pursued here (Hecht, Barton, et al., 2023; Sánchez‐

Villagra & Van Schaik, 2019). Rather than asking whether the two species arrived at the same endpoints, 

the goal of this dissertation is to ask whether dogs can illuminate the biological principles that govern how 

brains evolve in human environments.  

1.3 Convergent Brain Evolution  

Dog brains have several features that make them relevant to human brain evolution. Although the 

last common ancestor of carnivorans and primates lived approximately 94 million years ago (Kumar et al., 

2017)—and despite the fact that primates are genetically more closely related to rodents than to 

carnivorans—primate and carnivoran brains have independently evolved an enlarged, gyrified neocortex, 

unlike conventional rodent models (Kaas, 2013). Within the carnivorans, canids show the most extreme 
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encephalization (Finarelli & Flynn, 2009) and have convergently evolved a temporal lobe (Bryant & 

Preuss, 2018) that in awake fMRI studies performs socio-perceptual functions analogous to those of the 

human temporal lobe (Boch et al., 2023; Cuaya et al., 2016; Thompkins et al., 2018).  

Canids also show expansion of the frontal and prefrontal cortex that is second only to primates 

among mammals (Bush & Allman, 2004). Notably, within carnivoran species, the prefrontal cortex is 

particularly enlarged in highly social Canis species, which suggests that they may have undergone social 

brain expansion in a manner similar to the hominin lineage (Finarelli & Flynn, 2009; Radinsky, 1969). 

Canids are therefore a particularly well-positioned comparative model for investigating how selection for 

social cognition shapes brain organization. 

Another notable shared feature of human and canine brains are their extended periods of 

postnatal cognitive and neural development. In both species, there is protracted development of the 

myelin sheaths of axons that boost signal transmission, with the regions showing the most protracted 

development including frontal, temporal, and parietal regions (Fox, 1971b), as is the case in humans 

(Miller et al., 2012). In dogs, evidence from EEG suggests that the central nervous system is not fully 

mature by 12 months (Pellegrino & Gómez Álvarez, 2023; Reicher et al., 2021), which is after sexual 

maturity for many dogs. Recent studies of cognitive development in dogs support this finding, suggesting 

that dogs have an adolescent period (Bray et al., 2021). 

Of course, there are still some important differences between the human and dog brain. Perhaps 

the most significant difference is that the human brain is far more massive in both absolute and relative 

size than the dog brain. To fit the entire volume of the brain within the neurocranium, the human brain is 

far more gyrified or folded than the dog brain (Fernández & Borrell, 2023). Furthermore, due to the almost 

5-fold variation in body size between the smallest and largest dogs (Hecht et al., 2019), dog brains vary 

far more in absolute and relative size than human brains. This is thought to contribute to the 

neuroanatomical diversity observed in dog brains (Hecht et al., 2021), which also show focal adaptations 

related to different temperaments and behaviors across lineages (Hecht et al., 2019).    

Far from being detrimental, many differences between human and dog brains can be leveraged 

as strengths when studying human-relevant brain evolution in dogs. Because canine brains are 



4 

intermediate in size between a rodent and a human brain, they have just enough complexity to draw 

meaningful parallels with humans but are simpler than human brains and thus offer a more direct path to 

mapping brain-behavior relationships. Furthermore, the large variation in brain size within dogs means 

that questions regarding brain scaling can be asked within a single species with a common genetic 

background. Lastly, the evolved neural diversity within dogs allows for precise brain-behavior mapping of 

many divergent behaviors. 

1.4 Parallels in Social Cognition and Behavior 

 There are two major parallels in the evolutionary histories of dogs and humans that make 

dogs especially good models for studying questions relevant to human evolution. First, like humans, dogs 

evolved to live in human social groups and networks. Human relationships with their companion dogs 

resemble relationships with a human child or best friend (Turcsán et al., 2025). Critically, this orientation 

toward humans is not simply a product of pet-keeping. Even dogs who live outside of human homes still 

incorporate humans as key nodes in their social networks (Bhattacharjee & Bhadra, 2020). Indeed, 

humans appear to function as the primary social partners of dogs more so than other dogs. Companion 

dogs form stronger attachment bonds to human owners than to conspecific housemates, and use 

humans rather than other dogs as a secure base for exploration (Sipple et al., 2021). Consequently, 

across the spectrum of dog populations, the human social environment has been the primary context in 

which selection has acted on canine cognition and behavior, mirroring the social context that shaped the 

evolution of our own species. 

Second, not only do dogs live within human social environments, but they also possess the 

sociocognitive toolkit to adeptly navigate them. These abilities are not unique to dogs but reflect a broader 

convergence between canids and primates. They have both evolved similar facial expressions (Bolwig, 

1964; Fox, 1971), suggesting that the social demands of group living have convergently shaped 

analogous communicative systems across distantly related lineages. Within this canid heritage, dogs 

retain a suite of advanced sociocognitive abilities, including gaze following (Range & Virányi, 2011), 

sensitivity to human pointing gestures (Udell et al., 2008), and cooperative problem solving (Range & 

VirÃ¡nyi, 2015), that also evolved in the human lineage. Notably, many of these abilities did not originate 
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through domestication but were already present in ancestral canids that were shaped by the demands of 

living in complex social groups. Domestication appears to have refined and redirected canine 

sociocognitive abilities toward human social partners specifically (Range & Virányi, 2015). 

1.5 Chapter Previews 

The chapters that follow each address a question about how brains evolve to live in the 

anthropogenic niche that cannot be resolved by the hominin fossil record or living great ape relatives 

alone. Together they exploit the comparative design that dog diversity uniquely affords -- a single species 

in which selective history, skull morphology, brain size, and behavioral specialization vary independently 

across differentiable, extant lineages, and in which all variables can be measured directly using the same 

neuroimaging methods applied to humans. Each chapter isolates one dimension of this variation to test a 

biological principle of brain evolution that is directly relevant to the hominin lineage but otherwise 

intractable.  

1.5.1 Chapter 2 Preview 

Anatomically modern Homo sapiens (AMHS) can be distinguished from archaic humans based 

on differences in skull shape (Zollikofer, 2012). Specifically, AMHS are characterized by having a more 

globular neurocranium and a retracted face (Lieberman et al., 2002). Approximately 300,000 years ago, 

early members of the H. sapiens lineage, most prominently represented by the Jebel Irhoud specimens 

from Morocco (Hublin et al., 2017), already possessed absolute brain volumes that fall comfortably within 

the range of present-day humans (roughly 1,200–1,500 cm³) (Neubauer et al., 2018). While their faces 

were orthognathic (flat rather than projecting), their endocranial shape remained decidedly archaic 

(Hublin et al., 2017). Brain size, in other words, had reached its modern plateau well before brain shape 

followed suit. Analyses of the fossil record indicate that the globular configuration of the brain 

characteristic of living humans evolved approximately 100,000 to 35,000 years ago (Neubauer et al., 

2018; Zollikofer et al., 2022).  

This reshaping of the human skull was accompanied by changes in brain shape and internal 

organization. The parietal lobe dilated (Bruner, 2004), possibly due to expansion of the precuneus (Bruner 
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et al., 2015) and deep parietal regions (Bruner, 2015). The frontal lobe widened, which was potentially 

enabled by the shortening of the facial block and reduction of the temporal muscle (Bruner & Holloway, 

2010). Meanwhile, the cerebellum expanded and became more rounded (Neubauer et al., 2018). 

Unfortunately, any further neuroanatomical alterations, such as changes to the sizes of brain 

regions and connections between them, are invisible to the fossil record. This issue can be circumvented 

by adopting a model organism system. Rodents bred for different brain sizes and shapes have been 

traditionally used for this purpose, but their elongated skulls do not recapitulate the true globular shape of 

the human skull and therefore only lend limited insights.  

It is here that dogs offer a surprisingly powerful comparative framework. Artificial selection has 

favored extraordinary variation in canine skull shape, from the dolichocephaly (long-snouted, narrow 

cranium) of greyhounds to the brachycephaly (short-faced, wide cranium) of pugs. This range of 

morphological variation exceeds what is seen across the entire hominin fossil record. Crucially, this 

variation is produced not by changes in absolute brain volume, but by shifts in the spatial proportions and 

curvature of the braincase, closely paralleling the decoupling of size and shape observed in H. sapiens 

evolution (Neubauer et al., 2018). 

In brachycephalic breeds in particular, the cerebral hemispheres rotate ventrally and the skull 

vault rounds dorsally (Selba et al., 2021) in a manner that produces striking geometric similarities to the 

globular profile of AMHS — a convergence that, while not implying shared selective pressures, provides a 

tractable living model for studying how changes in basicranial flexion, facial reduction, and vault curvature 

interact mechanically and developmentally. Because dog breeds can be compared across controlled 

genetic backgrounds, imaged with modern neuroimaging tools, and studied across ontogenetic stages, 

they allow one to isolate variables, such as the relationship between vault roundness and underlying 

cortical organization, that are simply inaccessible in the paleoanthropological record. In this sense, the 

domestic dog serves not merely as an anatomical curiosity, but as a uniquely accessible window into the 

developmental and biomechanical logic of a major transformation in human evolutionary history. 

Chapter 2 uses this framework to investigate how regional gray matter volume covaries with skull 

shape in dogs to inform how the human brain might have changed as it became more globular.  
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1.5.2 Chapter 3 Preview 

Ever since the neurologist Paul Broca wrote that “…nous parlons avec l’hémisphère gauche” 

(Broca, 1865), which translates to “we speak with the left hemisphere,” there has been a strong focus on 

the asymmetrical organization of the human brain. Because this asymmetry was first appreciated in the 

context of language, it was once assumed that it was a human-specific adaptation (Güntürkün et al., 

2020). It is now clear that brain lateralization occurs in a wide range of distant taxa and is a general 

feature of brain organization (Rogers et al., 2013). Even still, how and why brain lateralization evolves 

remains an unresolved question (Ocklenburg & Güntürkün, 2017). 

One major hypothesis is that brain asymmetry has evolved repeatedly across many species 

because it is adaptive (Vallortigara & Rogers, 2005). For example, it might allow the two halves of the 

brain to carry out processes in parallel (Dadda & Bisazza, 2006; Rogers et al., 2004) and/or divide labor 

between the hemispheres, thus increasing the amount of functional neural “real estate” available (Rogers, 

2021). Alternatively, it has been proposed that brain lateralization is a result of brain scaling (Ringo et al., 

1994), and/or subtle developmental differences between the two hemispheres (Bishop, 2013), and that it 

need not be functionally advantageous (Nadeau, 2010).  

Among primates, humans show especially pronounced patterns of neural asymmetry (Gómez-

Robles et al., 2016; Neubauer et al., 2020), and this could be because our brains are exceptionally large. 

Yet many of these asymmetries are directionally consistent at the population level, which argues against a 

purely stochastic developmental account, which would predict random left-right variation across 

individuals (Güntürkün et al., 2020). Interestingly, altered or weakened asymmetry of the language 

network is associated with language impairments in several neurodevelopmental disorders, including 

schizophrenia (Zimmermann et al., 2024), autism (Postema et al., 2019), and dyslexia (Verhelst, 2025). 

This not only suggests that asymmetry may be generally adaptive for language performance, but also that 

altered asymmetry may play a direct role in neurodevelopmental disorder etiology (Bishop, 2013). Yet the 

clinical literature cannot on its own resolve the deeper evolutionary question of whether brain 

lateralization in humans reflects selection for something like complex skills, a more general consequence 

of brain scaling, or some interaction between the two. 
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To directly test these ideas, an ideal model system would exhibit substantial variation in brain size 

across differentially selected lineages. Once again, dogs are unusually well-suited to the task of informing 

evolutionary principles directly relevant to the human lineage. Their almost five-fold variation in brain size 

(Hecht et al., 2019) permits the investigation of whether asymmetry scales with brain size across 

members of the same species. Furthermore, because different breeds were intentionally selected for 

different skilled behaviors rather than for brain size per se, dogs also allow these two potential drivers of 

lateralization to be partially decoupled.  

Chapter 3 uses structural neuroimaging to establish what patterns of asymmetry are present in 

the dog brain, to examine whether asymmetry scales with increasing brain size, and to investigate if 

asymmetry is associated with behavioral specializations. 

1.5.3 Chapter 4 Preview 

Humans are a species that specialize in the acquisition, use, and spread of cultural knowledge. 

This is enabled by our derived social learning abilities (Boyd et al., 2011), including high-fidelity imitation 

and over-imitation, which are rooted in neuroanatomical adaptations specific to the human lineage. For 

example, humans engage in high-fidelity imitation, which involves a derived fronto-parietal-temporal 

circuit that distinguishes humans from other primates (Hecht et al., 2013). Humans also have an 

expanded portion of the cerebral cortex called the association cortex, which is especially involved in 

learned behaviors (Buckner & Krienen, 2013).  

Not only did humans evolve adaptations for social learning, but they also evolved the ability to 

teach others (Csibra & Gergely, 2011). Teaching is rare across taxa and is thought to evolve in 

circumstances where the cost of independent learning is high and knowledge is difficult to acquire alone 

(Thornton & Raihani, 2010). While the neural substrates of teaching are less known, emerging evidence 

suggests that teaching engages a suite of social brain regions, particularly those implicated in mentalizing 

and theory of mind (Vélez et al., 2023), and that the act of knowledge transmission is associated with 

neural coupling between teacher and learner (Li et al., 2024; Nguyen et al., 2022) 
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Like humans, dogs are deeply embedded in a cultural learning environment, but unusually, this 

environment is an interspecific one. While humans have domesticated several species that interact 

closely with them, dogs are arguably unique in the extent to which they have been selected for 

cooperative social learning from human partners, making them a distinctive case of convergent social 

evolution (Pongrácz & Dobos, 2025b). This cultural embedding appears to have left a mark on dogs' 

capacity to learn specifically from human teachers. Modern dog breeds that were historically selected to 

work in close coordination with human handlers, such as herding and gun dogs, utilize human 

demonstration more effectively than more independent breeds (Pongrácz & Dobos, 2025a). This effect 

extends to communicative signals. Cooperative breeds show greater sensitivity to human verbal cues 

during observational learning, responding to both ostensive and neutral human speech during 

demonstration (Dobos & Pongrácz, 2024). Notably, more independent breeds learn better from a 

conspecific dog demonstrator than from a human, suggesting that recent selection has changed the 

preferred social source from which learning occurs in more cooperative breeds (Dobos & Pongrácz, 

2024). 

Dogs offer an excellent opportunity to investigate how selection for social learning from human 

instructors drives neural change. Given that different breeds and lineages vary in whether they have been 

selected for human-directed social learning, or “trainability”, but all live in the human niche, they are a 

promising model for pinpointing how the demands of being taught shape the brain. Specifically, it would 

be informative to contrast modern breed dogs, which were intensively selected to learn complex tasks 

from humans (Turcsán et al., 2011), and premodern dogs, which underwent far less artificial selection 

(Brassard et al., 2022; Hansen Wheat et al., 2020). Modern breed dogs are known for being more 

trainable than premodern dogs (Smith et al., 2017; Turcsán et al., 2011) and other research has found 

that trainability is heritable (MacLean et al., 2019), meaning that modern breed dogs may have evolved 

neural adaptations for learning from people. Furthermore, modern breed dogs have relatively larger 

brains than premodern dogs (Garamszegi et al., 2023), which would allow one to test the hypothesis that 

encephalization drives the evolution of social learning abilities. 
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Chapter 4 will apply this framework to investigate differences in regional gray matter volume in 

modern breed and premodern dogs and how they relate to trainability. The aim is to test whether 

encephalization, and consequently expansion of the cerebral cortex, enhances trainability. 

1.5.4 Chapter 5 Preview 

Most neuroimaging studies, in both humans and dogs, have focused on gray matter, leaving the 

white matter pathways that determine the speed, efficiency, and integration of communication across 

circuits comparatively understudied (Filley & Fields, 2016; Grajauskas et al., 2019). Similarly, evolutionary 

neuroscience as a field has been slower to characterize white matter than gray matter, as comparative 

tractography is a relatively recent and still niche endeavor (De Schotten et al., 2019; Rilling, 2014), and 

white matter atlases exist for only a handful of species (Bryant et al., 2020; Feng et al., 2017; C. Liu et al., 

2020).  

In comparison to our closest living great ape relatives, humans show several specializations in 

white matter organization. The human connectome exhibits an evolutionary shift toward greater 

investment in the white matter pathways linking multimodal association cortex areas of the temporal, 

parietal, and inferior frontal cortices, with these connections making a disproportionate contribution to 

global network integration (Ardesch et al., 2019). One major white matter pathway, the superior 

longitudinal fasciculus (SLF) shows greater connectivity to the dorsolateral prefrontal cortex in humans 

compared to chimpanzees, which may support imitative abilities in humans (Hecht et al., 2015). Another 

major white matter tract, the arcuate fasciculus, implicated in language, is substantially expanded in the 

human temporal lobe relative to chimpanzees (Rilling et al., 2008).  

Although comparisons with modern great apes are highly informative, they fail to capture the 

patterns of white matter change that occurred in the hominin lineage in the past 6-7 million years. 

Fortunately, given that dogs show enormous variation in brain size and selective pressures (Hecht et al., 

2019), they offer a natural experiment into how white matter evolves. As discussed previously, they may 

be especially useful for investigating questions regarding neural adaptations for learning socially from 

humans.  
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Chapter 5 extends the modern breed/premodern dog comparison to white matter organization 

using diffusion MRI and graph-theoretical analyses.  

1.5.5 Chapter 6 Preview 

What is similar between a border collie gathering a flock of sheep and a shepherd issuing verbal 

cues for her to do so? Both animals are performing skilled behaviors (herding and language, respectively) 

that emerge through some combination of innate predisposition and lifetime experience (Coppinger & 

Coppinger, 2001; McMurray, 2016).  In humans, disentangling the contributions of genes and experience 

to skilled behaviors like language and tool use is exceptionally difficult (McAdams et al., 2023). Language 

is acquired universally across cultures (Fitch, 2010), which hints at a strong biological foundation, yet the 

environments in which it is learned vary enormously (Ochs & Schieffelin, 1984), making it nearly 

impossible to hold one factor constant while manipulating the other (McMurray, 2016). What is needed is 

a system in which individuals share a genetic background but differ in their experiential demands or share 

experiential demands but differ in their selective history. 

Working Labrador retrievers are an ideal model system for investigating inherited and acquired 

adaptations for skilled behaviors. Labrador retrievers are the most popular working dog breed, and they 

are used to perform a variety of skills, including hunting, scent detection, and service work. They differ in 

their selective history: hunting line Labradors are bred primarily for hunting, but are sometimes used for 

scent detection, whereas service-line dogs are bred solely for service work. Within the service dog 

population, there are individuals who are released from programs and become companion dogs, allowing 

for a comparison between dogs of identical genetic background whose experiential demands have 

diverged. This means that within a single breed, it is possible to hold genetics approximately constant 

while varying working experience, and to hold experience approximately constant while varying selective 

history, which are the two comparisons necessary to disentangle innate from acquired adaptation. 

Chapter 6 will compare structural and diffusion MRI data of hunting line Labradors trained for 

hunting and scent detection, with service line Labradors trained for service work or released from service 

work and living their lives as non-working companion dogs. 
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1.6 Dissertation Aims 

The chapters of this dissertation use domestic dogs as a living experimental system to test five 

biological principles of brain evolution that the hominin fossil record poses but cannot resolve: whether 

skull morphology drives neuroanatomical reorganization; whether structural asymmetry is a consequence 

of encephalization or a target of selection; whether selection for social learning drives cortical expansion; 

how white matter architecture changes in response to selection for social learning; and how innate and 

acquired neural adaptations for learned skills can be disentangled. Each question is addressed in a 

species where the relevant variables can be measured directly, dissociated from one another, and 

compared to the human neuroimaging literature using identical methods, offering a window into the 

principles of brain evolution that the fossil record, and our closest living relatives, cannot provide. 
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Chapter 2 Covariation of Skull and Brain Morphology in Domestic Dogs 

Co-Authors: Marc Kent and Erin E. Hecht 

This chapter has been published as an article in the Journal of Comparative Neurology: 

Barton, S. A., Kent, M., & Hecht, E. E. (2024). Covariation of skull and brain morphology in domestic 

dogs. Journal of Comparative Neurology, 532(9), e25668. https://doi.org/10.1002/cne.25668 

 

2.1 Abstract 

Despite their distinct embryonic origins, the skull and brain are highly integrated. Understanding 

the covariation between the skull and brain can shed light on anatomical, cognitive, and behavioral traits 

in extant and extinct species. Domestic dogs offer a unique opportunity to investigate skull–brain 

covariation due to their diverse skull morphologies and neural anatomy. To assess this question, we 

examined T2-weighted MRI studies of 62 dogs from 33 breeds, plus an additional 17 dogs of mixed or 

unknown breeds. Scans were opportunistically collected from a veterinary teaching hospital of dogs that 

were referred for neurological examination but did not have grossly observable structural brain 

abnormalities. As the neurocrania of dogs become broader and shorter, there is a significant decrease in 

the gray matter volume of the right olfactory bulb, frontal cortex, marginal gyrus, and cerebellum. On the 

other hand, as the neurocrania of dogs become narrower and longer, there is a significant decrease in the 

gray matter volume of the olfactory bulb, frontal cortex, temporal cortex, amygdala, hypothalamus, 

hippocampus, periaqueductal gray, cerebellum, and brainstem. Selective breeding for specific skull 

shapes may impact canine brain anatomy and function. 

  

https://doi.org/10.1002/cne.25668
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2.2 Introduction 

Because the brain is housed within the neurocranium, it must coevolve and codevelop with the 

skull (Hanken and Thorogood1993; Richtsmeier and Flaherty 2013). This is no small feat, given that 

neural and cranial tissue are derived from distinct embryonic germ layers and serve disparate functions 

(Noden and Trainor2005; Stiles and Jernigan 2010; Vyas, Nandkishore, and Sambasivan 2020). Several 

animal species have been leveraged to under-stand the covariation between the brain and skull, including 

mice (Barbeito-Andrés, Gonzalez, and Hallgrímsson 2016), pigs (Ritter et al. 2023), cichlid fishes (Conith, 

Hope, and Albertson2023), and frugivorous bats (Rojas, Borrero-Ospina, and Murillo-García 2022). 

Domestic dogs offer a unique opportunity to further address the question of how brain and skull 

morphology interact. As early domestic dogs transitioned from an ancestor related to modern gray wolves 

to currently recognized dog breeds, their skulls became shorter and their snouts became wider (Galetaet 

al. 2021). More recent artificial selection has produced an exceptionally wide range of skull morphotypes 

(Brassard et al.2022; Drake and Klingenberg 2010; Schoenebeck and Ostrander2013) as well as 

considerable variation in neuroanatomy (Hechtet al. 2019). Given the increasing usage of dogs as model 

organisms for genetics (Parker, Shearin, and Ostrander 2010) and neuroscience research (Bunford et al. 

2017), they are ideally suited to uncovering relationships between skull and brain morphology. 

Major dog skull morphotypes can be measured and distinguished by cephalic index, which is the 

ratio of skull width to skull length (Helton 2009). Brachycephalic dogs have a very high cephalic index 

value, meaning that their skulls are short and wide. On the other hand, the skulls of dolichocephalic dogs 

have a very low cephalic index, meaning that their skulls are long and narrow. There are also 

mesocephalic (mesaticephalic) dogs, with intermediate cephalic index values (Miller, Christensen, and 

Evans 1964). 

Previous research has found that dogs with more brachycephalic skull shapes have a smaller 

cerebral cortical to lateral ventricular volume ratio than dogs with more dolichocephalic skull shapes 

(Pilegaard et al. 2017). The dorsoventral dimensions of the brain and lateral ventricles are larger in 

brachycephalic dogs than in mesocephalic and dolichocephalic dogs (Doiche et al. 2022). Likewise, the 

brain is wider in brachycephalic dogs (Selba et al.2020). Additionally, the position of the olfactory bulb is 
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more ventral in brachycephalic dogs (Alvites et al. 2023) and differs in shape (Selba et al. 2020). This 

may be related to the fact that the rhinencephalic region containing the olfactory bulb is reduced in dogs 

with high cephalic index values, as measured using digital dog endocasts (Czeibert et al. 2020). 

The covariation between skull and brain shape in dogs may have some functional consequences, 

as certain behavioral phenotypes are significantly associated with dog skull shape. Dogs with ahigh 

cephalic index (more brachycephalic) establish eye contact faster with an unfamiliar experimenter 

(Bognár et al. 2021). They also gaze longer at pictures of human and canine faces (Bognár,Iotchev, and 

Kubinyi 2018) and follow human pointing gestures more accurately (Gácsi et al. 2009). On the other 

hand, dogs with low cephalic index values (more dolichocephalic) are more prone to chase small animals 

(McGreevy et al. 2013), although dogs with brachycephalic head shapes are more inclined to chase prey-

like toys (Stone et al. 2016). Additionally, dolichocephalic dogs behave more fearfully towards human 

strangers (McGreevyet al. 2013), as well as a startling metallic noise and the sudden appearance of a 

dummy (Stone et al. 2016). Behavioral differences associated with skull shape are even observed in 

juvenile dogs during conspecific play—brachycephalic puppies engage in more head sniffing, pouncing, 

and body biting (Kerswell et al. 2010). 

However, it is difficult to relate these behavioral traits to skull–brain covariation, as little is known 

about how brain regions other than the olfactory bulb might covary with skull shape. There is initial 

evidence from Hecht et al. (2019) that neurocephalic index, which is the ratio of the neurocranium width 

to neurocranium length, is associated with the anatomy of structural brain networks implicated in dog 

breed historical working behavior. But the relationship between skull shape and individual brain regions 

within those networks was not examined in that study. Further research is necessary to address the 

relationship between skull shape and regional brain anatomy—especially for the purpose of 

understanding why skull shape covaries with certain behaviors in dogs.  

The present study sought to address this gap in the literature by investigating whether regional 

gray matter volume covaries with neurocephalic index in a previously published MRI dataset of 62 

purebred dogs of 33 different breeds (Hecht et al. 2019), with an additional 17 dogs of mixed or unknown 

breed status. We used neurocephalic index as a measurement of skull shape, rather than cephalic index, 
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because the field of view for the images in this dataset did not include the entire skull. However, it should 

be noted that neurocephalic index is positively correlated with cephalic index (Hecht et al. 2019) and 

represents internal anatomy, which is potentially more relevant to brain morphology than external skull 

shape. We hypothesized that there would be a significant correlation between regional gray matter 

volume and neurocephalic index—that is, that variation in skull shape would significantly predict variation 

in the size of gray matter regions throughout the brain. Furthermore, based on prior research, we 

hypothesized that dogs with a high neurocephalic index value (short and wide skull) would have 

significantly smaller olfactory bulbs than other dogs in the dataset. 

2.3 Methods 

2.3.1 Subjects 

Subjects for the study came from a previously published, opportunistic dataset (Hecht et al. 2019) 

containing T2-weighted MRI scans from 62 purebred dogs representing 33 different breeds. In the 

present analysis, we also included an additional 17 dogs of mixed or unknown breeds that were not 

included in our earlier dataset, for a total of 79 dogs (see Table 1). The data were collected at the 

University of Georgia’s Veterinary Teaching Hospital in Athens, GA. All dogs in the dataset underwent MRI 

scans for medical reasons but were not diagnosed with any observable structural brain abnormalities by a 

veterinary neurologist (M.K.). 

ID Breed Sex Age Body mass 
(kg) 

Cephalic index (from 
database) 

Neurocephalic 
index 

1 Basset Hound Male 4.02 28.10 51.89 74.1 

2 Beagle Male 14.29 17.00 61.82 73.8 

3 Beagle Male 4.04 11.70 61.82 76.4 

4 Beagle Male ND 28.50 61.82 84.8 

5 Beagle Male 4.00 8.30 61.82 82.4 

6 Beagle Male 1.69 28.50 61.82 77.8 

7 Bichon Frise Male 9.01 9.30 61.51 80.4 

8 Border Collie Male 6.05 28.20 54.38 65.2 
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9 Border Collie Male 5.56 20.60 54.38 65.3 

10 Boston Terrier Male 11.90 12.50 92.62 90.2 

11 Boston Terrier Male 5.80 8.90 92.62 89.7 

12 Boxer Male 8.08 31.75 67.19 67.6 

13 Boxer Male 5.01 34.20 67.19 67.3 

14 Boxer Female 10.72 31.75 66.28 83.2 

15 Boxer Male 9.25 40.80 67.19 69.7 

16 Bulldog Male 1.00 16.78 90.18 74.0 

17 Bulldog Male 4.42 30.00 90.18 77.1 

18 Cavalier King Charles 
Spaniel 

Female 0.47 3.20 76.77 81.4 

19 Cavalier King Charles 
Spaniel 

Female 0.47 14.50 76.77 92.0 

20 Cocker Spaniel Female 6.38 18.10 61.01 75.4 

21 Dachshund Female 11.30 4.90 51.76 79.2 

22 Dachshund Female 6.56 6.40 51.76 77.3 

23 Dachshund Male 7.83 5.60 49.59 81.2 

24 Dachshund Female 1.81 5.30 51.76 81.1 

25 Doberman Pinscher Female 4.67 29.80 46.96 62.3 

26 English Pointer Male 7.34 27.30 ND 74.2 

27 German Shorthaired 
Pointer 

Female 6.17 27.00 48.3 73.4 

28 Golden Retriever Male 10.01 39.80 56.52 68.9 

29 Golden Retriever Male 6.01 42.20 56.52 70.1 

30 Golden Retriever Male 11.01 34.90 56.52 68.0 

31 Greyhound Female 7.52 36.70 45.83 64.8 

32 Greyhound Male 3.82 37.10 46.84 65.1 

33 Greyhound Female 2.20 36.00 45.83 66.5 

34 Jack Russell Terrier Male ND 14.00 59.28 80.1 
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35 Keeshond Male 7.17 21.60 60.18 71.0 

36 Labrador Retriever Male 9.72 32.60 55.82 65.1 

37 Labrador Retriever Female 5.00 30.50 56.11 65.6 

38 Lhasa Apso Female 10.70 13.20 ND 92.5 

39 Lhasa Apso Female 4.01 7.60 ND 86.2 

40 Maltese Male 6.61 6.00 65.29 80.9 

41 Maltese Male 10.02 3.00 65.29 83.6 

42 Maltese Male 5.52 6.55 65.29 76.9 

43 Maltese Male 6.01 8.90 65.29 88.2 

44 Maltese Female 6.00 2.00 68.83 91.6 

45 Maltese Female 4.94 3.40 68.83 84.7 

46 Miniature Schnauzer Male 9.41 12.80 51.79 77.4 

47 Miniature Schnauzer Female 6.26 5.02 54.99 80.5 

48 Old English Sheepdog Male 3.67 33.10 54.39 68.6 

49 Pitbull Male 2.06 27.10 69.96 72.3 

50 Siberian Husky Female 3.00 18.10 55.17 66.5 

51 Silky Terrier Male 3.00 4.40 58.23 84.5 

52 Springer Spaniel Female 1.13 18.40 49.34 75.3 

53 Standard Poodle Female 7.85 22.60 ND 73.0 

54 Weimaraner Male 3.34 48.40 49.05 66.3 

55 Welsh Corgi Male 5.59 15.10 63.09 72.0 

56 West Highland White 
Terrier 

Male 5.90 11.00 60.84 77.9 

57 Wheaton Terrier Male 7.04 19.20 ND 70.6 

58 Whippet Female 15.52 13.60 50.6 72.4 

59 Yorkshire Terrier Female 3.84 3.85 ND 81.9 

60 Yorkshire Terrier Male 13.04 4.20 ND 0.812 

61 Yorkshire Terrier Male 0.75 3.50 ND 79.3 



19 

62 Yorkshire Terrier Male 11.51 3.20 ND 82.5 

63 Mixed Male 5.45 10.50 ND 77.7 

64 Mixed Male 3.67 33.10 ND 68.4 

65 Mixed Male 12.66 34.90 ND 72.0 

66 Mixed Male 10.38 26.50 ND 70.1 

67 Mixed Male 10.55 6.50 ND 78.9 

68 Mixed Female 13.01 24.20 ND 69.5 

69 Mixed Female 6.92 13.40 ND 72.6 

70 Mixed Male 6.02 24.20 ND 71.8 

71 Mixed Male 2.52 39.80 ND 66.9 

72 Mixed Female 2.22 12.00 ND 72.2 

73 Mixed Female 4.71 26.10 ND 62.7 

74 Mixed Male 11.03 16.00 ND 69.4 

75 Mixed Female 6.08 0.00 ND 86.1 

76 Mixed Female 10.24 17.60 ND 76.1 

77 Mixed Male 3.69 20.10 ND 72.1 

78 Unknown ND ND ND ND 82.5 

79 Unknown ND ND ND ND 96.7 

Table 1. Subjects in the dataset. Note: Cephalic indices are sex- and breed-specific averages from Stone 

et al. (2016). Abbreviation: ND, no data.  

2.3.2 Image Acquisition and Preprocessing 

A 3.0T GE HDx MRI unit with a GE 514,137-2 3.0 HD T/R Quad Extremity Coil was used to 

acquire transverse and sagittal images. The resolution of the transverse-acquired images ranged 

from0.234 mm 2 in-plane resolution and 2.699 mm slice distance to0.352 mm 2 in-plane resolution and 

3.499 mm slice distance. The resolution of the sagittal-acquired images ranged from 0.273 mm 2in-plane 

resolution and 3/200 mm slice distance to 0.430 mm 2 in-plane resolution and 3.200 mm slice distance. 

We combined the transverse and sagittal images by first manually skull-stripping the transverse image, 
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after which we determined the smallest region of interest (ROI) that fully encompassed the brain from the 

brain mask image. Next, the transverse image and transverse brain mask were cropped using the ROI 

coordinates. We then resampled the transverse images to produce isotropic voxels in all three 

dimensions. The following step involved re-slicing the sagittal image so that it was in the same orientation 

of the transverse images and then computing a rigid registration from the sagittal image to the original 

transverse image. After this we cropped the region containing the brain in the sagittal image and 

registered it to the isotropically resampled transverse brain using a rigid registration. We then rescaled the 

cropped transverse and sagittal images to ensure that the robust mean of intensity of both images was 

100. Lastly, we averaged the images together and applied the brain mask to this combined image. 

2.3.3 Template Creation 

We registered images to a study-specific template using ANTS (Avants, Tustison, and Song 

2009), corrected bias fields using the Atropos N4 tool (Avants et al. 2011), and used the FSL FASTtool to 

segment gray matter, white matter, and cerebrospinal fluid (Zhang, Brady, and Smith 2001). 

2.3.4 Neurocephalic Index Calculation 

To generate the neurocephalic index for each subject, the maximally distant points on the left–

right, rostral–caudal, and dorsal–ventral axes were measured manually by an undergraduate student 

research assistant who identified the voxel at the most maximally distant points and used Euclidian 

geometry to compute distances (see Figure 1). These measurements were then used to calculate the 

ratio of brain width to brain length × 100. The neurocephalic measurements are identical to the ones used 

in Hecht et al. (2019). Neurocephalic index was implemented as a continuous variable in our subsequent 

analysis. 
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Figure 1. Cephalic index (CI) and neurocephalic index (NI) for three breeds—Doberman pinscher, 

Labrador retriever, and English bulldog. Yellow lines overlaying sagittal brain images demonstrate brain 

width and brain length measurements collected to compute NI. Purple lines overlaying skull images 

demonstrate skull length and width measurement used to generate breed CI average from Stone et al. 

(2016) dataset. Source: Skull images from https://skullbase.info. 

2.3.5 Statistical Analyses 

In the present analysis, we performed voxel-based morphometry, which measures how brain 

anatomy varies across individuals in the dataset by assessing where and how much each subject’s brain 

image has to deform in order to align with the group average Jacobian determinant images were 

produced using nonlinear registration via the ANTS software package (Avants, Tustison, and Song 2009). 

These Jacobian images are essentially “heat maps” of the spatial transformation that had to occur to align 

each dog’s brain with the group average. In order to restrict analysis to gray matter voxels, each subject’s 

Jacobian image was multiplied by their gray matter mask. The resultant images were used to drive a 

whole-brain, data-driven voxel-based morphometry analysis by applying voxelwise permutation testing of 

a general linear model incorporating neurocephalic index using FSL’s randomize tool (Winkler et al. 

https://onlinelibrary.wiley.com/doi/full/10.1002/cne.25668#cne25668-bib-0057
https://skullbase.info/
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2014). The statistical threshold was set to at p < 0.05using threshold-free cluster enhancement (TFCE) 

for familywise error correction (Smith and Nichols 2009). 

2.4 Results 

When examining the continuous relationship between neurocephalic index and gray matter 

morphology, we found that the higher a dog’s neurocephalic index (shorter, wider neurocranium), the 

lower the gray matter volume in parts of the composite gyrus, suprasylvian gyrus, postcruciate gyrus, right 

olfactory bulb, ectomarginal gyrus, and cerebellum (see Figure 2, Table 2). On the other hand, the lower a 

dog’s neurocephalic index (narrower, longer crania), gray matter volume was reduced in parts of the 

olfactory bulb, prorean gyrus, precruciate gyrus, postcruciate gyrus, sylvian gyrus, ectosylvian gyrus, 

suprasylvian gyrus, composite gyrus, ectomarginal gyrus, cingulate gyrus, piriform lobe, amygdala, 

hypothalamus, hippocampus, periaqueductal gray, cerebellum, and brainstem (see Figure 3, Table 3). 

Increased neurocephalic index and decreased neurocephalic index were both associated exclusively with 

volume reductions, rather than volume expansions. In other words, compared to dogs with mid-range 

neurocephalic indices (mesocephalic dogs), dogs with both high and low neurocephalic indices 

(brachycephalic and dolichocephalic dogs) have reduced gray matter in different regions (Figure 4–7). 

 

Figure 2. Significantly smaller regions of gray matter volume in brachycephalic dogs resulting from whole-

brain voxel-based morphometry analysis. Colored regions are p < 0.05 after correction for multiple 

comparisons; t-statistic values are illustrated. 
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Cluster index Voxels T Max Max X Max Y Max Z COG X COG Y COG Z 

6 1338 6.13 107 74 141 108 73.7 147 

6 
 

5.82 104 75 142 
   

6 
 

5.51 106 73 154 
   

6 
 

4.19 114 77 155 
   

6 
 

4.16 117 76 155 
   

5 871 6.68 113 75 108 118 76.6 106 

5 
 

6.15 118 75 108 
   

5 
 

4.97 118 74 95 
   

4 722 4.96 137 22 143 131 23.4 145 

4 
 

4.5 130 22 149 
   

4 
 

4.33 121 25 145 
   

4 
 

4.12 122 22 149 
   

4 
 

3.97 120 22 150 
   

3 650 6.7 151 75 141 150 74.1 147 

3 
 

5.66 157 74 155 
   

3 
 

4.68 141 72 148 
   

2 66 4.51 119 23 156 119 22.7 155 

1 54 5.51 134 24 162 133 23.6 162 
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Table 2. Cluster information for t-statistic 1 (extreme brachycephaly) depicted in Figure 2. Note: The first 

line of each cluster shows the global peak and overall center of gravity (COG). The lines of this table 

show the locations of additional local maxima. 

 

Figure 3. Significantly smaller regions of gray matter volume in dolichocephalic dogs resulting from 

whole-brain voxel-based morphometry analysis. Colored regions are p < 0.05 after correction for multiple 

comparisons; t-statistic values are illustrated. 

Cluster index Voxels T Max Max X Max Y Max Z COG X COG Y COG Z 

7 52,529 7.55 130 25 109 128 43.2 129 

7 
 

7.3 136 32 113 
   

7 
 

6.77 172 41 103 
   

7 
 

6.71 82 44 100 
   

7 
 

6.5 102 33 114 
   

7 
 

6.43 127 34 116 
   

6 1239 5.84 165 59 170 164 60.8 169 
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6 
 

3.85 164 66 167 
   

6 
 

2.37 158 65 176 
   

5 261 6.47 123 84 95 127 84.4 98.1 

5 
 

6.28 125 85 97 
   

5 
 

5.92 130 85 97 
   

5 
 

5.68 123 82 92 
   

5 
 

5.36 131 84 95 
   

4 62 6.41 115 85 125 116 84.4 126 

3 54 6.1 140 83 127 140 83.9 128 

3 
 

5.98 140 85 128 
   

2 7 2.71 83 39 156 83.1 38.4 155 

1 2 3.88 107 53 174 107 53 174 

Table 3. Cluster information for  t-statistic 2 (extreme dolichocephaly) depicted in Figure 3. Note: The first 

line of each cluster shows the global peak and overall center of gravity (COG). The lines of this table 

show the locations of additional local maxima. 
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Figure 4. Histogram of Jacobian values representing the degree of expansion necessary for significant 

regions in Figure 2 to reach the study-specific average volume in dogs with more brachycephalic head 

shapes. 

 

Figure 5. Histogram of Jacobian values representing the degree of expansion necessary for significant 

regions in Figure 3 to reach the study-specific average volume in dogs with more dolichocephalic head 

shapes. 
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Figure 6. Relationship between neurocephalic index and Jacobian values for the five most 

brachycephalic, dolichocephalic, and mesocephalic subjects in the dataset for t-statistic 1 (represented in 

Figure 2). 

 

Figure 7. Relationship between neurocephalic index and Jacobian values for the five most 

brachycephalic, dolichocephalic, and mesocephalic subjects in the dataset for t-statistic 2 (represented in 

Figure 3). 
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2.5 Discussion 

Domestic dogs show a wide range of variation in head shape, ranging from extreme 

brachycephaly on one end to extreme dolichocephaly on the other. Brachycephalic dogs have shorter and 

wider skulls and neurocrania, whereas dolichocephalic dogs have longer and narrower skulls and 

neurocrania. In this study, we examined variation in head shape by using neurocephalic index as a 

continuous variable, rather than assigning dogs to predefined head shape categories. We conducted a 

voxel-based morphometry analysis incorporating MRI studies from 79 dogs. We found that neurocephalic 

index is associated with significant reductions in several brain regions in dogs with more brachycephalic- 

and dolichocephalic-shaped heads. 

In dogs with more brachycephalic-shaped skulls and higher neurocephalic indices, the regional 

gray matter volume reductions were restricted to the most rostral and caudal portions of the brain. This is 

unsurprising given that the neurocranium and skull length are shortened in length in brachycephalic dogs, 

potentially leaving less space for brain tissue rostrally and caudally. Interestingly, one of the significantly 

smaller regions was the right olfactory bulb, supporting our hypothesis that the olfactory bulb would be 

reduced in dogs with more brachycephalic-shaped heads. Previous research has suggested that 

brachycephalic dogs are poorer at scent detection tasks than other dogs (Polgár et al.2016; Ferrando and 

Dahl 2022; but see Hall et al. 2015). This could be related to the reduced volume of the right olfactory 

bulb, which contributes to odor filtering and discrimination (Jia et al. 2014). The directional asymmetry of 

this finding is striking; the canine neurocranium may exhibit directional asymmetry as well. 

Dogs with more brachycephalic-shaped skulls also showed reductions in the volume of the 

composite gyrus. The composite gyrus includes the secondary somatosensory area (Evans and de 

Lahunta 2013) and is part of the putative canine default mode network (Szabó et al. 2019). The 

reductions in this region may be related to altered somatosensory processing and/or cognition, although 

more research is needed to investigate this possibility.  

At the caudal end of the brain, dogs with more brachycephalic-shaped skulls showed reductions 

in regional gray matter volume within the cerebellum and ectomarginal gyrus. Specifically, within the 

cerebellum, reduced gray matter volume was observed in the rostral lobe, which is involved in 
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sensorimotor functions in primates (Schmahmann 2019). Although this hints that brachycephalic dogs 

may have altered sensorimotor functioning, this has not yet been investigated. Meanwhile, the 

ectomarginal gyrus is implicated in the visual processing of animate faces and bodies in dogs (Boch et al. 

2023), which could suggest differences in social cognition. 

Dogs with lower neurocephalic indices, and therefore more dolichocephalic-shaped skulls, 

showed widely dispersed regional gray matter volume reductions. One of these regions was the anterior 

portion of the olfactory bulb. Although we also found reductions in the right olfactory bulb in dogs with 

more brachycephalic-shaped heads, this was in a more posterior region. There is evidence in mice that 

the anterior and posterior portions of the olfactory bulbs have different functions (Midroit et al. 2021), 

which could suggest that the reductions of the olfactory bulb at the two head shape extremes may have 

different functional consequences. 

Many regional reductions were observed on the lateral sides of the temporal lobes, which are 

likely impacted by the narrowing of the width of the cranial cavity. Given the involvement of the temporal 

lobe in auditory processing (Lipman 1949), a reduction in the volume of the lateral aspect of the temporal 

lobe may be linked in some manner to previous evidence that dolichocephalic dogs are more reactive to 

sudden metallic noises, although future research is needed to explore this potential relationship (Stone et 

al. 2016).Assessment of differential temporal responses to auditory stimuli in dogs of varying head 

shapes could potentially be a fruitful avenue for future research using functional neuroimaging in awake 

dogs (Andics et al. 2014; Prichard et al. 2018). 

Reductions in regional gray matter volume were also observed in dorsal, rostral, and posterior 

cerebral cortical brain regions. This may be because the dolichocephalic cranial cavity is not only 

narrower, but also smaller overall (Brassard et al. 2020).The reduction of the precruciate gyrus, which is 

premotor cortex(Markow-Rajkowska and Kosmal 1987), and the postcruciate gyrus, which is motor cortex 

(Evans and de Lahunta 2013), could contribute to altered motor function. The prorean gyrus was also 

reduced in dogs with more dolichocephalic heads. This may have implications for social cognition, as the 

size of the prorean gyrus has been hypothesized to relate to pack sociality in canids(Radinsky 1969). 

Meanwhile, the ectomarginal gyrus has been described as a sensory association cortex (Szabó et al. 
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2019) and is active when dogs view faces (Boch et al. 2023) and social interactions (Karl et al. 2021). The 

reduction of this structure in dogs with more dolichocephalic-shaped heads may correspond to altered 

visual perception of social scenes. This is supported by previous findings that dolichocephalic dogs gaze 

for shorter periods of time at faces (Bognár, Iotchev, and Kubinyi 2018) and follow pointing gestures less 

accurately (Gácsi et al. 2009). 

Interestingly, several limbic regions implicated in fear, stress, and anxiety, including the amygdala, 

hypothalamus, and hippocampus (Tovote, Fadok, and Lüthi 2015), are reduced in dogs with more 

dolichocephalic-shaped skulls. This aligns well with research that has found that dolichocephalic dogs 

exhibit more social and nonsocial fear than mesocephalic and brachycephalic dogs (McGreevy et al. 

2013; Stone et al. 2016). The midbrain, including the periaqueductal gray, was also smaller in dogs with 

smaller neurocephalic indices, potentially contributing to heightened fear behavior in dolichocephalic dogs 

(Watson et al. 2016). 

As with dogs with more brachycephalic skulls, dogs with more dolichocephalic skulls exhibited 

regional reductions in the gray matter of the cerebellum. However, in dolichocephalic dogs, these 

reductions were concentrated in the caudal lobe. The caudal lobe is implicated in both cognitive and 

emotional functions in primates (Schmahmann 2019). Future studies should investigate if and how 

cognition and emotion vary across the spectrum of canine head shapes. Lastly, the gray matter volume of 

the brainstem was also reduced in volume in dolichocephalic dogs. 

Altogether, our results show that there is considerable covariation between skull shape and brain 

anatomy, which may have functional consequences. However, it is unclear whether selection on the skull 

shape or selection on behavior is the source of regional reductions in brain volume in dogs with extreme 

head shapes. On the one hand, humans could be selecting for extreme head shapes, and brain/behavior 

variation may be an unintended side effect (see Figure 8). This is likely the case for dogs bred from 

conformation/show lines. On the other hand, it is possible that humans could be selecting for behavior 

variation, and skull variation happens to be a large-effect way for evolution to accomplish this. This may 

be a plausible evolutionary scenario for dogs bred from working lines. These two possibilities are not 

necessarily mutually exclusive and may happen simultaneously. 
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Figure 8. Illustration of potential evolutionary scenarios for skull-brain covariation.  

One limitation of our study is that we used neurocephalic index, which represents internal 

neurocranial dimensions, rather than the more traditionally used cephalic index, which represents 

external skull dimensions. Although neurocephalic and cephalic indices are positively correlated (Hecht et 

al. 2019), they do not always have a 1:1 correspondence. Thus, our findings may not be directly 

comparable with the findings of other studies that used cephalic index. 

In this study, we were unable to explore the developmental origins of skull–brain covariation in 

dogs. Given that brachycephalic skull proportions are already discernable at birth (Andreis et al.2018; 

Starck 1962), in brachycephalic dogs, it is likely that the brain and skull begin to influence one another’s 

shape during prenatal development. However, this bidirectional influence likely continues until the 

cranium growth centers close around 12 months of age (Ellenberger and Baum 1977; Ussow 1901). 

Further research his needed to describe the ontogeny of skull–brain development. 

It is important to note that our findings are not directly relevant to understanding skull–brain 

variation in humans. The dogs we studied are from dog breed populations, which have a fundamentally 

different structure to human populations (Norton et al.2019). Yet historically, the study of variation in skull 

shape was used to infer variation in brain structure for nefarious purposes, such as scientific racism in 
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physical anthropology (Dewbury2007). The field of comparative phrenology, which used skull shape to 

extrapolate the neurocognitive traits of animals (Combe1843), has been similarly refuted. 

However, our results are relevant to understanding how selection pressures that drive variation in 

skull shape may interact with selection pressures that drive selection on neuroanatomical variation. This 

may be relevant to our understanding of hominin evolution. For example, shifts in diet drove shifts in jaw 

and skull structure in early hominins (Strait et al. 2009). Our results suggest that such changes could 

have also been accompanied by alterations to brain anatomy, which may have been linked with changes 

in cognition and behavior. Similarly, shifts in skull anatomy during early dog domestication, such as the 

shortening and widening of the skull (Galeta et al. 2021), could have been associated with shifts in brain 

organization and therefore cognitive and behavioral traits. 

All in all, the present study provides firm evidence that variation in skull shape is directly related to 

variation in regional gray matter volume in domestic dogs. Our findings add to the existing literature 

regarding skull–brain covariation in dogs (Czeibertet al. 2020; Doiche et al. 2022; Pilegaard et al. 2017; 

Selba et al.2020) and solidify dogs as an excellent model organism for studying questions of how the 

skull and brain relate to one another. Future research should explore whether it is selection on skull 

shape and/or selection on brain–behavioral phenotypes that is driving covariation in these structures. It 

would also be fruitful to investigate whether the skull–brain covariation observed in this study has 

consequences for brain function and behavioral phenotypes in dogs. This is especially pertinent to 

ongoing discussions of welfare in dogs with extreme head shapes (Ekenstedt, Crosse, and Risselada 

2020). 
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Chapter 3 Neuroanatomical asymmetry in the canine brain 

Co-Authors: Marc Kent and Erin E. Hecht 

This chapter has been published as an article in the Brain Structure and Function: 

Barton, S. A., Kent, M., & Hecht, E. E. (2023). Neuroanatomical asymmetry in the canine brain. Brain 

Structure and Function, 228(7), 1657-1669. https://doi.org/10.1002/cne.25668 

3.1 Abstract 

The brains of humans and non-human primates exhibit left/right asymmetries in grey matter 

morphology, white matter connections, and functional responses. These asymmetries have been 

implicated in specialized behavioral adaptations such as language, tool use, and handedness. Left/right 

asymmetries are also observed in behavioral tendencies across the animal kingdom, suggesting a deep 

evolutionary origin for the neural mechanisms underlying lateralized behavior. However, it is still unclear 

to what extent brain asymmetries supporting lateralized behaviors are present in other large-brained 

animals outside the primate order. Canids and other carnivorans evolved large, complex brains 

independently and convergently with primates, and exhibit lateralized behaviors. Therefore, domestic 

dogs offer an opportunity to address this question. We examined T2-weighted MRI images of 62 dogs 

from 33 breeds, opportunistically collected from a veterinary MRI scanner from dogs who were referred 

for neurological examination but were not found to show any neuropathology. Volumetrically asymmetric 

regions of gray matter included portions of the temporal and frontal cortex, in addition to portions of the 

cerebellum, brainstem, and other subcortical regions. These results are consistent with the perspective 

that asymmetry may be a common feature underlying the evolution of complex brains and behavior 

across clades, and provide neuro-organizational information that is likely relevant to the growing field of 

canine behavioral neuroscience. 

3.2 Introduction 

Brain asymmetry was long thought to be a uniquely human trait (Kellogg 1898; Sherrington 1922; 

Rasdolsky 1927). However, it is now recognized that lateralized perceptuomotor behaviors and brain 

asymmetries occur in a broad range of vertebrate and invertebrate taxa (see Güntürkün et al. 2020 for a 

https://doi.org/10.1002/cne.25668
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review). For example, chimpanzees, rhesus macaques, olive baboons, vervet monkeys, and tufted 

capuchins show many regional cortical asymmetries paralleling humans (e.g., Becker et al. 2022; Xia et 

al. 2021; Xiang et al. 2020; Lopez-Persem et al. 2020; Xia et al. 2019; Marie et al. 2017; Gómez-Robles 

et al. 2016; Fears et al. 2011; Phillips and Sherwood 2005). This suggests that brain asymmetries are 

common across the primate order and may relate to primate-specialized functions like communication 

and tool use (Becker and Meguerditchian 2022). However, the widespread nature of brain asymmetry 

across phylogeny suggests that it has a deep evolutionary origin and is perhaps a common feature of all 

nervous systems (Brown and Magat 2011). This may point toward more generalized, non-primate-specific 

adaptive functions, potentially including parallel processing (Rogers 2000), reduced redundancy and 

increased processing capacity (Hopkins and Cantolupo 2008), or reduced need for interhemispheric 

communication through increased specialization (Philips et al. 2015). Additionally, it remains unclear 

whether the more robust and widespread asymmetries of the human brain are derived adaptations for 

human-specific cognition and behavior or if they are simply byproducts resulting from our species’ 

evolution of a larger brain (Hopkins et al. 2015). 

Domestic dogs provide an ideal opportunity to examine these questions. Through adaptive 

radiation caused by artificial human selection, dogs have assumed many different morphological and 

behavioral traits specialized for various human-constructed niches. Like language and tool use, many of 

these behaviors are heavily dependent on learning and training (Coppinger and Coppinger 2002). Breeds 

of dogs also show large intraspecific variations in both body size (Sutter et al. 2008) and brain size (Hecht 

et al. 2019). If asymmetry emerges from brain scaling, it should be apparent across dog breeds. 

Specialized working behaviors show evidence of lateralization in dogs. For example, protection 

and herding dogs show a left visual hemifield, and right hemisphere bias when exhibiting aggressive 

behaviors towards their respective targets–livestock or a person wearing a bite sleeve (Siniscalchi et al. 

2013, 2019), and laterality tests are a significant predictor of success in guide dogs and racing 

greyhounds (Tomkins et al. 2012; Schneider et al. 2012). More generally, at a species level, dogs exhibit 

lateralized preferences in paw usage (Ocklenburg et al. 2019), nostril usage (Siniscalchi et al. 2016), 
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facial expressions (Nagasawa et al. 2013) head-turning (Siniscalchi et al. 2010), and tail wagging (Gobbo 

and Šemrov 2021) (see Siniscalchi et al. 2017 for a review). 

However, despite a few limited analyses (Tan and Çalşikan 1987; Koyun et al. 2011; Rağbetli et 

al. 2010), asymmetry in the canine brain has yet to be thoroughly investigated. Recently, a growing 

number of functional MRI studies point toward functional lateralization, including in sensory regions 

(Andics et al. 2014; Gábor et al. 2020; Jia et al. 2014), higher-order cognitive regions (Cook et al. 2016), 

and some brain networks (Szabó et al. 2019). Yet very little is known about the regional structural 

asymmetries that may underlie these functional asymmetries (Datta et al. 2012). 

To address these gaps, we investigated gray matter asymmetries in a previously published MRI 

dataset of 62 purebred dogs of 33 different breeds (Hecht et al. 2019). We hypothesized that (1) dog 

brains would show asymmetries in whole hemisphere and regional gray matter volume, (2) structural 

brain networks discovered by Hecht et al. (2019) would show asymmetries in grey matter volume, and (3) 

the volume of gray matter asymmetries would vary with brain size, age, and sex, based on previous 

findings in humans (Kong et al. 2018), as well as breed group, since it is associated with brain 

organization in dogs (Hecht et al. 2019). 

3.3 Methods 

3.3.1 Subjects 

A previously published dataset (Hecht et al. 2019) which included T2-weighted MRI 

scans from 62 purebred dogs of 33 different breeds was used in this study. This dataset 

was opportunistically acquired from the Veterinary Teaching Hospital at the University of 

Georgia at Athens. All scans were from dogs who were diagnosed with no observable 

structural brain abnormalities by a veterinary neurologist (M.K.). Information about the age, 

sex, breed, body mass, and brain volume of each dog included in this dataset are shown in 

Table 4. 
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ID Breed Sex Age Body mass 
(kg) 

Cephalic index (from 
database) 

Neurocephalic 
index 

1 Basset Hound Male 4.02 28.10 51.89 74.1 

2 Beagle Male 14.29 17.00 61.82 73.8 

3 Beagle Male 4.04 11.70 61.82 76.4 

4 Beagle Male ND 28.50 61.82 84.8 

5 Beagle Male 4.00 8.30 61.82 82.4 

6 Beagle Male 1.69 28.50 61.82 77.8 

7 Bichon Frise Male 9.01 9.30 61.51 80.4 

8 Border Collie Male 6.05 28.20 54.38 65.2 

9 Border Collie Male 5.56 20.60 54.38 65.3 

10 Boston Terrier Male 11.90 12.50 92.62 90.2 

11 Boston Terrier Male 5.80 8.90 92.62 89.7 

12 Boxer Male 8.08 31.75 67.19 67.6 

13 Boxer Male 5.01 34.20 67.19 67.3 

14 Boxer Female 10.72 31.75 66.28 83.2 

15 Boxer Male 9.25 40.80 67.19 69.7 

16 Bulldog Male 1.00 16.78 90.18 74.0 

17 Bulldog Male 4.42 30.00 90.18 77.1 

18 Cavalier King Charles 
Spaniel 

Female 0.47 3.20 76.77 81.4 

19 Cavalier King Charles 
Spaniel 

Female 0.47 14.50 76.77 92.0 

20 Cocker Spaniel Female 6.38 18.10 61.01 75.4 

21 Dachshund Female 11.30 4.90 51.76 79.2 

22 Dachshund Female 6.56 6.40 51.76 77.3 

23 Dachshund Male 7.83 5.60 49.59 81.2 

24 Dachshund Female 1.81 5.30 51.76 81.1 

25 Doberman Pinscher Female 4.67 29.80 46.96 62.3 



37 

26 English Pointer Male 7.34 27.30 ND 74.2 

27 German Shorthaired 
Pointer 

Female 6.17 27.00 48.3 73.4 

28 Golden Retriever Male 10.01 39.80 56.52 68.9 

29 Golden Retriever Male 6.01 42.20 56.52 70.1 

30 Golden Retriever Male 11.01 34.90 56.52 68.0 

31 Greyhound Female 7.52 36.70 45.83 64.8 

32 Greyhound Male 3.82 37.10 46.84 65.1 

33 Greyhound Female 2.20 36.00 45.83 66.5 

34 Jack Russell Terrier Male ND 14.00 59.28 80.1 

35 Keeshond Male 7.17 21.60 60.18 71.0 

36 Labrador Retriever Male 9.72 32.60 55.82 65.1 

37 Labrador Retriever Female 5.00 30.50 56.11 65.6 

38 Lhasa Apso Female 10.70 13.20 ND 92.5 

39 Lhasa Apso Female 4.01 7.60 ND 86.2 

40 Maltese Male 6.61 6.00 65.29 80.9 

41 Maltese Male 10.02 3.00 65.29 83.6 

42 Maltese Male 5.52 6.55 65.29 76.9 

43 Maltese Male 6.01 8.90 65.29 88.2 

44 Maltese Female 6.00 2.00 68.83 91.6 

45 Maltese Female 4.94 3.40 68.83 84.7 

46 Miniature Schnauzer Male 9.41 12.80 51.79 77.4 

47 Miniature Schnauzer Female 6.26 5.02 54.99 80.5 

48 Old English Sheepdog Male 3.67 33.10 54.39 68.6 

49 Pitbull Male 2.06 27.10 69.96 72.3 

50 Siberian Husky Female 3.00 18.10 55.17 66.5 

51 Silky Terrier Male 3.00 4.40 58.23 84.5 

52 Springer Spaniel Female 1.13 18.40 49.34 75.3 
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53 Standard Poodle Female 7.85 22.60 ND 73.0 

54 Weimaraner Male 3.34 48.40 49.05 66.3 

55 Welsh Corgi Male 5.59 15.10 63.09 72.0 

56 West Highland White 
Terrier 

Male 5.90 11.00 60.84 77.9 

57 Wheaton Terrier Male 7.04 19.20 ND 70.6 

58 Whippet Female 15.52 13.60 50.6 72.4 

59 Yorkshire Terrier Female 3.84 3.85 ND 81.9 

60 Yorkshire Terrier Male 13.04 4.20 ND 0.812 

61 Yorkshire Terrier Male 0.75 3.50 ND 79.3 

62 Yorkshire Terrier Male 11.51 3.20 ND 82.5 

Table 4. Subjects included in analysis. ND means no data. 

3.3.2 Image Acquisition and Preprocessing 

Images in this dataset were collected using a 3.0T GE HDx MRI unit with a GE 514,137-2 3.0 HD 

T/R Quad Extremity Coil. The same image preprocessing pipeline was used in this study as was 

conducted in Hecht et al. (2019) and Hecht et al. (2021). This involved registering images to a study-

specific template using ANTS (Avants et al. 2009), correcting bias fields using the Atropos N4 tool (Avants 

et al. 2011), and segmenting images for grey matter, white matter, and cerebrospinal fluid via the FSL 

FAST tool (Zhang et al. 2001). 

3.3.4 Statistical Analyses 

After FAST image segmentation and ANTS registration, each subject’s grey matter mask was 

multiplied by the Jacobian of the ANTS warpfield. This produced a Jacobian image containing only grey 

matter voxels, representing a “heat map” of the spatial transformation required to align each subject’s 

brain with the group average. These grey matter “heat maps” became the input for two further, 

complementary analyses. 

First, we applied an in-house version of FSL’s voxel-based morphometry (VBM) tool (Behrens et 

al. 2003) that was modified to incorporate ANTS-based nonlinear registration. In this analysis, all subject’s 

https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR10
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Jacobian-modulated grey matter images were averaged, left–right flipped, and averaged again to create a 

symmetrical template. Nonlinear registrations were computed between each subject’s grey matter 

segmentation and this symmetrical template. Finally, the resultant grey-matter-masked-Jacobians were 

subjected to Monte Carlo permutation testing on a general linear model using FSL’s randomise tool 

(Winkler et al. 2014), with threshold-free cluster enhancement for multiple comparisons correction (Smith 

and Nichols 2009). A one-sample t test was used to identify voxels that showed significant volumetric 

differences between the left and right hemispheres. We next examined the volume of the left and right 

hemispheres of each dog by warping template-space hemisphere masks to each dog’s image and 

measuring the resultant native-space volume. 

Second, we analyzed asymmetries in brain networks resulting from carrying out source-based 

morphometry (SBM; Gupta et al. 2019; Xu et al. 2009) in the same dataset. SBM is a multivariate 

alternative to VBM. While VBM inherently relies on a user-specified general linear model, SBM uses 

independent components analysis to identify regionally covarying gray matter networks in a data-driven 

way. Each network is composed of anticorrelated components: across subjects, when regions in one 

component tend to be larger, regions in the other component tend to be smaller, and vice versa. These 

morphologically covarying structural networks are similar to functionally covarying resting state networks 

and are thought to reflect the combined effects of genetic factors, developmental trajectories, and 

functional specialization (Alexander-Bloch et al. 2013; Evans 2013; Gupta et al. 2019). We previously 

identified 6 such networks in the canine brain (Hecht et al. 2019). Asymmetries in these networks could, 

therefore, point toward functional lateralization. Therefore, we identified voxels within each component of 

each network that were present in one hemisphere but not the other. 

Finally, subject information (see Table 4) and significant asymmetrical grey matter cluster 

volumes derived from the VBM analysis were imported into R (R Core Team 2021) to analyze the 

relationship between the asymmetrical volume of each network with brain volume, age, sex, and breed 

group using generalized linear models. 

3.4 Results 

https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR79
https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR71
https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR29
https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR83
https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR1
https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR23
https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR29
https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR30
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Significant gray matter volume asymmetries were observed in the canine brain via voxel-based 

morphometry (VBM) (see Figure 9). Regions showing leftward asymmetry included parts of the olfactory 

peduncle, piriform lobe, precruciate sulcus, prorean gyrus, sylvian gyrus, sylvian sulcus, composite gyrus, 

ectosylvian gyrus, suprasylvian gyrus, amygdala, cerebellum, and brainstem. Regions showing rightward 

asymmetry included parts of the olfactory peduncle, prorean gyrus, precruciate gyrus, postcruciate gyrus, 

coronal gyrus, hypothalamus, thalamus, cerebellum, and brainstem. 

 

Figure 9. Asymmetrical regions of gray matter volume in domestic dogs resulting from whole-brain voxel-

based morphometry analysis. Colored regions are all p < 0.05 after correction for multiple 

comparisons; t statistic values are illustrated. 
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We generated seven generalized linear models to test whether significantly asymmetrical 

volumes of gray matter were best predicted by brain volume, age, sex, and/or breed group for each 

significantly asymmetrical cluster derived from our VBM analysis (see Table 5 and Supplemental Figures 

31–35). Only two clusters showed any significant main effects. Cluster 3, which is located in the piriform 

cortex, showed significant main effects for sex (t = 2.895, p < 0.05) and the scent-hunting breed group 

(t = 2.907, p < 0.05). Cluster 7, which is located in the hippocampus, presented significant main effects for 

the sight hunting (t = 2.809, p < 0.05) and vermin control (t = − 2.729, p < 0.05) breed groups. 

  Cluster 

1 

Cluster 

2 

Cluster 

3 

Cluster 

4 

Cluster 

5 

Cluster 

6 

Cluster 

7 

Intercept p value 0.749 0.947 0.247 0.919 0.383 1.000 0.035* 

Standard 

Error 

0.092 0.108 0.063 0.039 0.045 0.022 0.022 

Brain Volume p value 0.749 0.947 0.855 0.919 0.724 1.000 0.685 

Standard 

error 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Beta 

coefficient 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Age p value 0.783 0.947 0.055 0.964 0.141 1.000 0.877 

Standard 

error 

0.003 0.004 0.002 0.001 0.002 0.001 0.001 

Beta 

coefficient 

0.000 0.000 − 0.010 0.000 0.010 0.000 0.000 

Sex: Male p value 0.783 0.947 0.034* 0.919 0.724 1.000 0.877 

Standard 

error 

0.028 0.033 0.019 0.012 0.014 0.007 0.007 

Beta 

coefficient 

0.020 0.000 − 0.060 0.010 0.010 0.000 0.000 
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Breed Group: 

Explicit 

Companionship 

p value 0.783 0.947 0.855 0.964 0.600 1.000 0.324 

Standard 

error 

0.051 0.060 0.035 0.022 0.025 0.012 0.012 

Beta 

coefficient 

− 0.020 0.040 0.010 0.000 − 0.030 0.000 − 0.020 

Breed Group: 

Guarding 

p value 0.783 0.947 0.652 0.919 0.831 1.000 0.324 

Standard 

error 

0.042 0.049 0.029 0.018 0.021 0.010 0.010 

Beta 

coefficient 

0.020 0.040 0.020 − 0.010 0.000 0.010 − 0.010 

Breed Group: 

Herding 

 

p value 

0.783 0.947 0.697 0.919 0.669 1.000 0.685 

Standard 

error 

0.054 0.063 0.037 0.023 0.026 0.013 0.013 

Beta 

coefficient 

0.030 0.000 0.020 − 0.030 − 0.030 0.010 − 0.010 

Breed Group: 

Scent Hunting 

p value 0.783 0.947 0.034* 0.919 0.724 1.000 0.592 

Standard 

error 

0.045 0.053 0.031 0.020 0.022 0.011 0.011 

Beta 

coefficient 

− 0.050 0.040 0.090 − 0.010 − 0.020 0.010 − 0.010 

Breed Group: 

Sight Hunting 

p value 0.749 0.947 0.653 0.919 0.382 1.000 0.035* 

Standard 

error 

0.049 0.057 0.034 0.021 0.024 0.012 0.011 

Beta 

coefficient 

0.070 0.020 − 0.030 0.010 − 0.040 − 0.010 − 0.030 

p value 0.783 0.947 0.653 0.964 0.831 1.000 0.685 
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Breed Group: 

Sledding 

Standard 

error 

0.093 0.110 0.064 0.040 0.046 0.023 0.022 

Beta 

coefficient 

0.060 0.140 − 0.050 0.000 − 0.010 0.010 − 0.020 

Breed Group: 

Sport Fighting 

p value 0.841 0.947 0.855 0.919 0.724 1.000 0.324 

Standard 

error 

0.063 0.074 0.043 0.027 0.031 0.015 0.015 

Beta 

coefficient 

− 0.010 0.060 0.010 0.020 − 0.020 0.010 − 0.020 

Breed Group: 

Vermin Control 

p value 0.783 0.947 0.472 0.919 0.783 1.000 0.035* 

Standard 

error 

0.059 0.070 0.041 0.026 0.029 0.015 0.014 

Beta 

coefficient 

− 0.030 − 0.030 0.050 0.010 − 0.010 0.000 − 0.040 

Table 5. Summaries of the seven generalized linear mixed models created for each asymmetrical cluster 

generated by the VBM analysis. p values were corrected for multiple comparisons using the Benjamini 

and Hochberg procedure (Benjamini and Hochberg, 1995). Significant values (p < 0.05) are bolded and 

starred. 

We also performed a paired two-tailed t test to evaluate potential whole hemisphere differences in 

gray matter volume. We found that the left hemisphere is significantly larger than the right hemisphere 

(t = 13.634, p < 0.05). 

Our source-based morphometry (SBM) analysis revealed that several of the previously published 

structural brain networks (Hecht et al. 2019) show regional asymmetries in gray matter volume (see 

Figure 10). In network 1, regions that showed leftward asymmetry in gray matter volume included parts of 

the olfactory peduncle, composite gyrus, ectosylvian gyrus, suprasylvian gyrus, ectomarginal gyrus, 

hippocampus, and cerebellum (see Supplemental Figure 25). Rightwardly asymmetric regions included 

parts of the composite gyrus, central sulcus, sylvian gyrus, suprasylvian gyrus, and cerebellum. The 

https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR11
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symmetric regions across both hemispheres included the olfactory peduncle, sylvian gyrus, putamen, and 

caudate nucleus. Network 1 is thought to encapsulate the mesolimbic reward system and may be 

involved in social behavior (Hecht et al. 2019). 

 

Figure 10. Asymmetrical and symmetrical regions of gray matter volume in six brain networks in domestic 

dogs, as identified with whole-brain source-based morphometry analysis. Asymmetrical regions are 

all p < 0.05 after correction for multiple comparisons. 
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Regions of network 2 that demonstrated leftward asymmetries in gray matter volume included 

parts of the ectosylvian sulcus and caudate nucleus (see Supplemental Figure 26). Rightward asymmetry 

was observed in the gray matter volume of parts of the marginal gyrus and ectomarginal gyrus. Network 2 

regions that were symmetrical across both hemispheres included parts of the olfactory peduncle, olfactory 

sulcus, presylvian sulcus, sylvian gyrus, sylvian sulcus, ectosylvian gyrus, ectomarginal gyrus, insula, and 

putamen. Hecht et al. (2019) posited that this network is involved in olfaction and gustation. 

Network 3 regions that demonstrated leftward asymmetries in gray matter volume consisted of 

parts of the ectosylvian sulcus, ectomarginal gyrus, suprasylvian gyrus, and suprasylvian sulcus (see 

Supplemental Figure 27). Rightwardly asymmetric regions of gray matter volume included parts of the 

sylvian gyrus, prorean gyrus, precruciate gyrus, ectomarginal gyrus, marginal gyrus, cerebellum, and 

brainstem. Network 3 regions that were symmetrical across both hemispheres included parts of the 

olfactory peduncle, frontal gyrus, sylvian gyrus, suprasylvian gyrus, and cerebellum. This network may 

play a role in movement through space (Hecht et al. 2019). 

In network 4, regions with leftward asymmetrical gray matter volumes included parts of the 

olfactory peduncle, piriform lobe, presylvian gyrus, sylvian gyrus, ectosylvian gyrus, ectomarginal gyrus, 

suprasylvian gyrus, and brainstem (see Supplemental Figure 28). Rightwardly asymmetric regions of 

network 4 consisted of parts of the olfactory peduncle, composite gyrus, sylvian gyrus, suprasylvian 

gyrus, ectosylvian gyrus, ectosylvian sulcus and amgydala. Regions of network 4 that had symmetric 

areas of gray matter volume across both hemispheres included parts of the presylvian sulcus, frontal 

gyrus, postcruciate gyrus, cingulate gyrus, marginal gyrus, sylvian gyrus, and cerebellum. Network 4 is 

thought to be involved in social interaction (Hecht et al. 2019). 

Network 5 showed leftward asymmetry in the gray matter volume of parts of the suprasylvian 

gyrus and parahippocampal gyrus (see Supplemental Figure 29). Network 5 demonstrated rightward 

asymmetry in the gray matter volume of parts of the suprasylvian gyrus, coronal sulcus, and marginal 

gyrus. Regions that showed symmetric gray matter volumes across both hemispheres included parts of 

the hypothalamus, caudate nucleus, and hippocampus. This network involves regions of the HPA axis, 

and therefore may be involved in responses to environmental threats (Hecht et al. 2019). 

https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR30
https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR30
https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR30
https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR30
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In network 6, a part of the marginal gyrus showed asymmetrical gray matter volume in the left 

hemisphere (see Supplemental Figure 30). Rightward asymmetry occurred in parts of the olfactory 

peduncle and ectomarginal gyrus. Regions of network 6 that were symmetric across both hemispheres 

included parts of the olfactory peduncle and marginal gyrus. Network 6 is likely involved in the early 

processing of olfaction and vision (Hecht et al. 2019). 

3.5 Discussion 

Dogs have complex, lateralized behaviors and wide variation in brain size, providing an ideal 

opportunity to assess relationships between brain size, behavioral lateralization, and brain asymmetries. 

Here, we performed complementary voxel-based and source-based morphometry analyses using MRI 

images from 62 dogs of 33 breeds. We found widespread canine gray matter asymmetries. 

Notably, dogs show leftward asymmetries in temporal cortical regions—particularly in and around 

the sylvian sulcus, which is the canine analogue of the primate sylvian fissure (Bryant and Preuss 2018). 

This territory is modified by selection for social behavior in the Russian farm-fox experiment—compared 

to aggressive foxes, tame foxes show an expansion of the sylvian gyrus and ectosylvian sulcus, whereas 

compared to tame foxes, aggressive foxes show an expansion of the sylvian sulcus (Hecht et al. 2021). It 

is associated with dog breeds historically selected for human social companionship (Hecht et al. 2019). 

There is robust evidence that the human sylvian fissure and perisylvian cortex also show a leftward bias 

in structural features (Takao et al. 2011; Gómez-Robles et al. 2016; Maingault et al. 2016). These regions 

have been implicated in language processing (Price 2012), although chimpanzees (Hopkins & Avants 

2013; Vickery et al. 2020) and olive baboons (Marie et al. 2017) also show leftward asymmetries here, 

suggesting that simpler forms of communication and/or other functions may be responsible for the 

evolution of asymmetry in this region. Canine fMRI studies find that the dog temporal cortex is involved in 

the visual and auditory perception of humans and other dogs (Cuaya et al. 2016; Andics and Miklosi 

2018; Thompkins et al. 2018; Boros et al. 2020; Cuaya et al. 2022), including processing of human 

speech intonation in the middle ectosylvian gyrus (Andics et al. 2016). However, Andics et al. (2016) 

found evidence for a right hemispheric bias for processing lexically marked words, while other studies 

examining auditory processing in the canine temporal lobe have found little evidence for functional 

https://link.springer.com/article/10.1007/s00429-023-02677-0#ref-CR30
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lateralization (Boros et al. 2020; Cuaya et al. 2022). There may be a lack of a 1:1 correspondence 

between structural asymmetries and functional activity in this region—or alternatively, structural 

asymmetries in the temporal lobe may relate to lateralized functional activity for something other than 

auditory processing. Additionally, the human brain shows some rightward temporal lobe asymmetries, 

including the superior temporal sulcus (Maingault et al. 2016), but we did not observe this pattern in dogs. 

We also found that several regions of the dog frontal cortex are rightwardly asymmetric. This 

includes the prorean gyrus, which is a prefrontal region that connects with distributed neocortical regions, 

including temporal auditory association regions and parts of the parietal and occipital cortex, as well as 

medial temporal lobe regions and the mediodorsal thalamic nucleus (Kreiner 1961; Kosmal and 

Dabrowska 1980; Markow-Rajkowska and Kosmal 1987). The prorean gyrus is implicated in the evolution 

of complex sociality in carnivorans (Radinsky 1969), historical selection for human companionship in 

domestic dog breeds (Hecht et al. 2019), and selection on human-directed social behavior in the Russian 

farm-fox experiment (Hecht et al. 2021). It is likely homologous to primate medial frontal and/or 

orbitofrontal regions (Preuss and Wise 2022), where human and chimpanzee brains exhibit rightward 

structural asymmetries (Kong et al. 2018; Vickery et al 2020). 

The parietal and occipital lobes of humans and chimpanzees exhibit further asymmetries (Kong et 

al. 2018; Hopkins et al. 2008), but this is not observed in the canine brain. Thus, although regional 

asymmetries are present in the dog cortex, they appear to be less spatially distributed. 

We also observed subcortical asymmetries in dogs, including leftward asymmetry in the 

amygdala and rightward asymmetry in the thalamus. In contrast, humans and chimpanzees show 

rightward amygdala asymmetry (Ocklenburg et al. 2022; Vickery et al. 2020). While chimpanzees also 

show rightward asymmetry in the thalamus (Vickery et al. 2020), humans appear to have a leftward 

asymmetry in this structure (Kang et al. 2015). 

Cerebellar structural asymmetries were broadly leftward. This included the anterior lobe, HVI 

lobule, and HVII lobule. This is consistent with earlier work that reported leftward asymmetry in the canine 

cerebellum as an entire structure (Koyun et al. 2011). Meanwhile, the chimpanzee cerebellum shows 

rightward GMV asymmetries (Vickery et al. 2020). Because each hemisphere of the cerebellum is 
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predominantly connected to the contralateral cerebral hemisphere in many species (Buckner 2013; 

Schmahmann 2016), leftward cerebellar asymmetries might have coevolved with rightward frontal 

asymmetries in dogs. The anterior lobe contributes to sensorimotor functions (Schmahmann 2019), so the 

leftward anterior lobe asymmetry may relate to the rightward prefrontal asymmetry noted above. 

Finally, we observed widespread leftward asymmetries in the dog brainstem. The brainstem is 

understudied in MRI research (Elvsåshagen et al. 2020), making it difficult to determine whether the 

pattern observed here also exists in primates. Interestingly, though, orbitofrontal and medial prefrontal 

regions, which are rightwardly asymmetric in the current dog dataset and in chimpanzees and humans 

(Kong et al. 2018; Vickery et al. 2020), project to brainstem autonomic regions via the hypothalamus in 

rhesus macaque monkeys (Barbas et al. 2003). Additional research is needed to determine whether the 

canine prefrontal and brainstem asymmetries reported here are related. 

Interestingly, the left hemisphere was significantly larger than the right, in contrast to an earlier 

study using mixed breed dogs which found the opposite result (Tan and Çalşikan 1987). Further research 

is needed to determine whether breed, sex, age, and/or environment/life history factors could account for 

this discrepancy. 

The presence of asymmetries in all 6 of the networks associated with historical working behaviors 

(Hecht et al. 2019) suggests that structural asymmetries could have behavioral consequences. For 

example, network 4 is implicated in social action and interaction and was one of the most asymmetrical 

networks in our analysis. It is associated with historical specialization for human companionship (i.e., in 

toy breeds), as well as with police/military and herding working behaviors. Interestingly, biting humans or 

livestock is a lateralized, aggressive behavior that is more likely to emerge when the target is in the left 

visual hemifield and is biased towards the right hemisphere for processing (Siniscalchi et al. 2013, 2019). 

Speculatively, asymmetries in this network might support the lateralization of controlled aggression. 

Additionally, several voxel-based morphometry clusters were associated with historical working functions. 

Cluster 3 was significantly linked to scent hunting breed ancestry and was located in the piriform cortex, 

which has olfactory functions and is also implicated in scent hunting ancestry in our earlier source-based 

morphometry analysis (Hecht et al. 2019). Cluster 7, located in the hippocampus, was significantly 
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associated with sight hunting and vermin control ancestry. The hippocampus is part of networks 

implicated in sight hunting and fear, stress, and anxiety, both significantly linked to sight hunting ancestry 

in our earlier analysis (Hecht et al. 2019), although the role of vermin control ancestry is more difficult to 

ascertain at this point. Further research combining structural, functional, and behavioral measures would 

help elucidate the links between canine brain asymmetries, working functions, age, and sex. 

Contrary to our third hypothesis, we did not find support for the proposition that brain 

asymmetries are a byproduct of brain enlargement. This is notable, given that there was an almost 

fourfold difference in volume between the smallest and largest brains in our dataset. This contrasts with 

reports in humans, where brain size does predict the magnitude of asymmetry (Yan et al. 2011; Kong et 

al. 2018). However, it is important to note that the intense artificial selection which occurred in dog breeds 

has no correlate in human evolutionary history, and population structure and genetic variation vary 

markedly between dogs and humans (Norton et al. 2019). Therefore, the present results may suggest that 

brain asymmetries do not necessarily emerge from increases in brain size in intraspecies contexts where 

semi-separable lineages have undergone distinct selection pressures on behavior, cognition, and body 

size. An additional possibility is that positive selection maintains dog brain asymmetries despite variations 

in brain size. 

It is important to acknowledge that the current dataset was opportunistically collected from a 

veterinary hospital, and while no dogs received a neurological diagnosis and all scans were screened for 

abnormalities by a veterinary neurologist (M.K.), the sample may not be entirely normative. Additionally, 

this dataset likely represents companion animals rather than working dogs; it is possible that working 

training influences dog brain asymmetries. Contrary to our expectations based on human brain 

asymmetry literature (Kong et al. 2018), we only found evidence for a significant effect of sex on 

asymmetry in cluster 3, located in the piriform cortex. Since 80.7% of subjects in our sample were spayed 

or neutered, observable sex effects may have been reduced. We further found no age effects, which 

contrasts with human reports (Zhou et al. 2013; Kong et al. 2018), and may be related to the fact that only 

9 dogs in this dataset were over 10 years of age. 
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Together, our findings establish dogs as a species for which there are marked structural 

asymmetries in the gray matter of the brain, much like many primates (Kong et al. 2018; Vickery et al. 

2020; Bogart et al. 2012; Marie et al. 2017). This is striking, given that the last common ancestor of 

carnivorans and primates lived 94 million years ago (Kumar et al. 2017). This either points toward a very 

deep evolutionary origin for asymmetries in brain organization (Güntürkün et al. 2020) or toward the 

independent emergence of asymmetries in dogs and primates, paralleling the independent expansion of 

cortex in these two lineages (Kaas 2011). Either of these possibilities has central relevance for situating 

the emergence of lateralized functions like language and tool use in our own species within the broader 

context of the animal kingdom and highlights the utility of dogs for further comparative and evolutionary 

research on this topic. 

3.6 Supplemental Materials 

Supplemental materials can be found in the journal Brain Structure and Function or in the 

Appendix. 
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Chapter 4 Brain-Behavior Differences in Premodern and Modern Lineages of Domestic Dogs 

Co-authors: Jeroen B. Smaers, James A. Serpell, and Erin E. Hecht 

This chapter has been published as an article in the Journal of Neuroscience:  

Barton, S. A., Smaers, J. B., Serpell, J. A., & Hecht, E. E. (2025). Brain–Behavior Differences in 

Premodern and Modern Lineages of Domestic Dogs. Journal of Neuroscience, 45(27) 

https://doi.org/10.1523/JNEUROSCI.2032-24.2025 

4.1 Abstract 

Although domestic dogs were the first domesticated species, the nature of dog domestication 

remains a topic of ongoing debate. In particular, brain and behavior changes associated with different 

stages of the domestication process have been difficult to disambiguate. Most modern Western breed 

dogs possess highly derived physical and behavioral traits because of intense artificial selection for 

appearance and function within the past 200 years. In contrast, premodern dogs, including 

primitive/ancient breeds, village dogs, and New Guinea Singing Dogs, have undergone less intensive 

artificial selection and retain more ancestral characteristics. Consequently, comparisons between modern 

and premodern dogs can shed light on brain and behavior changes that have occurred recently in the 

domestication process. Here, we addressed this question using a voxel-based morphometry analysis of 

structural MRI images from 72 modern breed dogs and 13 premodern dogs (32 females). Modern breed 

dogs show widespread expansions of neocortex and reductions in the amygdala and other subcortical 

regions. Furthermore, cortical measurements significantly predicted individual variation in trainability, 

while amygdala measurements significantly predicted fear scores. These results contrast with the long-

standing view that domestication consistently involves reduction in brain size and cognitive capacity. 

Rather, our results suggest that recent artificial selection has targeted higher-order brain regions in 

modern breed dogs, perhaps to facilitate behavioral flexibility and close interaction and cooperation with 

humans. 

4.2 Significance Statement 

https://doi.org/10.1523/JNEUROSCI.2032-24.2025
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This study provides novel insights into the neural changes associated with artificial selection 

during dog domestication by comparing brain morphology between modern breed dogs and a unique and 

rare sample of premodern dogs, including ancient breeds, village dogs, and New Guinea singing dogs. 

Our findings demonstrate that modern breed dogs exhibit significant cortical expansion linked to 

trainability and premodern dogs show amygdala enlargement associated with heightened fear, suggesting 

that brain evolution has happened rapidly in a species embedded in the anthropogenic environment. 

4.3 Introduction 

Dogs were the first species to be domesticated, but the nature of dog domestication remains a 

topic of intense debate (Thalmann and Perri, 2019). The predominant view is that gray wolves, Canis 

lupus, initiated their own domestication by scavenging around human settlements (Coppinger and 

Coppinger, 2001; Larson and Fuller, 2014). However, others argue that hunter-gatherers may have 

intentionally captured and raised wild wolves to keep as pets, hunting companions, or guards (Germonpré 

et al., 2021; Serpell, 2021). In either case, behavioral shifts which presumably would have become 

adaptive during the initial wild-to-domesticate transition include reduced flight-or-fight responses, reduced 

reactive aggression, and potentially increased behavioral flexibility and learning capacity. These 

behavioral shifts in early dogs are generally understood to have occurred through natural selection, rather 

than artificial selection (Scott, 1968; Boyko et al., 2009; Lupo, 2019). 

Today, most dogs in the world continue to breed freely (Hughes and Macdonald, 2013; Gompper, 

2014). Free-breeding dogs who range freely around human settlements and rely on human waste for 

survival are termed village dogs (Coppinger and Coppinger, 2001). There are also a few smaller 

populations of free-breeding dogs, including New Guinea singing dogs (NGSDs), that primarily hunt prey 

rather than rely on anthropogenic sources of food (Boyko and Boyko, 2014; Surbakti et al., 2020). 

However, some dog lineages transitioned from an autonomous lifestyle to one controlled by 

humans. The oldest dog breeds in existence today are called ancient breeds (Parker et al., 2004; 

Vonholdt et al., 2010). Unlike modern breeds, ancient breeds were traditionally maintained in open 

populations without pedigree records and were primarily selected for function, not conformation (Boyko 

and Boyko, 2014; Worboys et al., 2018). 
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Modern dog breeding practices began in earnest in the United Kingdom during the Victorian 

period (Worboys et al., 2018). With the advent of dog clubs, shows, and trials, coupled with scientific 

advances in animal breeding, people started to systematically breed dogs in closed populations for highly 

specialized morphologies and behavioral tendencies (Pedersen et al., 2013; Worboys et al., 2018). These 

modern breeds have been subject to intensive artificial selection (Konno et al., 2016; Hansen Wheat et 

al., 2019), unlike premodern dogs. 

Therefore, premodern dogs, including ancient breeds, village dogs, and NGSDs, offer a window 

on what early dogs may have been like after the wolf-to-dog transition (Hansen Wheat et al., 2019; 

Thalmann and Perri, 2019). Comparisons between premodern and modern breed dogs are useful for 

reconstructing the evolution of traits that are not preserved in skeletal remains, such as the brain and its 

behavioral output. Behavioral shifts in dog evolution have been a topic of ongoing debate (Marshall-

Pescini et al., 2017). On the one hand, domestication is generally presumed to reduce brain size across 

species (Kruska, 1988; Hecht et al., 2023). Domestication is also generally thought to involve reductions 

in flight-or-fight responses (Coppinger and Coppinger, 2001; Trut et al., 2009; Zeder, 2012). On the other 

hand, some argue that modern dogs possess social cognitive capacities which surpass those of extant 

wolves (Hare et al., 2002; Salomons et al., 2021; but see Range and Marshall-Pescini, 2022), and in at 

least one population of dogs, intraspecies aggression does not appear to be reduced in dogs relative to 

wolves (Range et al., 2015). Nearly all behavioral, cognitive, and neuroscience research on dogs to date 

has focused on modern breeds. Because behavior originates in the brain, comparisons between 

premodern and modern dogs are necessary to understand selection pressures and behavioral shifts 

resulting from intensified artificial selection during the late stage of the domestication process. 

In this study, we collected T2-weighted MRI scans from 85 dogs of modern and premodern 

ancestry. Using voxel-based morphometry, we find that modern dog breeds show significant, widespread 

expansion across cortex, while premodern dogs show significantly larger subcortical structures, 

particularly the amygdala. Cortical and amygdala expansion are significantly predictive of individual 

variation in trainability and fear scores, respectively, using the Canine Behavioral Assessment and 

Research Questionnaire (Hsu and Serpell, 2003). 
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4.4 Methods 

4.4.1 Ethics Statement 

All procedures were reviewed and approved by the Institutional Animal Care and Use Committee 

(IACUC) and Internal Review Board (IRB) of Harvard University. 

4.4.2 Subjects 

Canine subjects were recruited from the Penn Vet Working Dog Center, America's VetDogs, 

Fidelco Guide Dogs, and private owners. Rather than target-specific breeds, we included all eligible dogs 

of single breed ancestry and later categorized their modern breed versus premodern status based on 

available genetic data (Parker et al., 2004) and historical information derived from the “World Atlas of Dog 

Breeds” (De Vito et al., 2009). Veterinarians screened all candidate subjects prior to inclusion in the study. 

All subjects were in good health and had no neurological disorders. Dog owners provided informed 

consent. A total of 85 dogs (32 females) took part in the study, 13 of which were premodern dogs 

(Supplemental Table 16). All dogs were working and/or companion dogs. 

4.4.3 MRI Scan Acquisition 

Dogs were anesthetized by a licensed veterinarian during their MRI scans to ensure that they did 

not experience stress or discomfort from being inside the machine. First, dogs were sedated with 

butorphanol and dexmedetomidine (0.3 mg/kg +3–5 mcg/kg, i.m.). Next, general anesthesia was induced 

with propofol (to effect, 2–6 mg/kg, i.v.) and maintained with isoflurane O2. A licensed veterinarian and 

two veterinary technicians continuously monitored dogs under anesthesia using ECG, SpO2, NIBP 

(oscillometric), and capnography (InVivo Expression MRI-safe unit). T2-weighted structural images (0.667 

mm3, 1 average) were collected. The duration of the scanning was ∼1 h per dog. After the scanning 

completion, dogs were recovered from anesthesia under the observation of a veterinary technician. Dogs 

were sent home with a bandana and a framed image of their brain. 
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4.4.4 Image Processing and Analyses 

Data processing was performed with two open-source software packages—FSL (Smith et al., 

2004, Jenkinson et al., 2012; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki) and ANTs (Avants et al., 2011; 

http://picsl.upenn.edu/software/ants/). Brain extraction was accomplished with an in-house pipeline using 

ANTs (Avants et al., 2011). We generated a study-specific, symmetric template by registering and 

merging images from 13 premodern dogs with a randomly selected set of 13 modern breed dogs. The 

images of all subjects were then nonlinearly registered to the template using ANTs (Avants et al., 2011). 

Bias-field correction and segmentation into gray matter, white matter, and cerebrospinal fluid was 

accomplished using the FSL FAST tool (Zhang et al., 2001). Total gray matter and white matter volume 

were added together to determine each subject's total brain volume, which was converted to brain weight 

in grams. 

Each subject's gray matter mask was multiplied by the Jacobian determinant of the ANTS 

warpfield. This created a Jacobian image containing just gray matter voxels, which is essentially a “heat 

map” of the spatial transformation that needed to occur to align a subject's brain with the template brain. 

FSL's randomise tool was then applied to perform Monte Carlo permutation testing of a general linear 

model comparing whole-brain Jacobian images of modern breed and premodern dogs (Winkler et al., 

2014). The threshold used for statistical significance was p < 0.05 after threshold-free cluster 

enhancement (TFCE) for family-wise error correction (Smith and Nichols, 2009). 

4.4.5 Brain-Body Allometry Analyses 

To determine if premodern and modern breed dogs show different brain–body allometric scaling 

patterns, a least-squares phylogenetic analysis of covariance (pANCOVA) was performed (Smaers and 

Rohlf, 2016) using phylogenetic data from Parker et al. (2017). This analysis compared three modern 

breeds—Labrador retriever, border collie, and German shepherd—with four premodern breeds—saluki, 

samoyed, Shiba inu, and Siberian husky. Two additional nonphylogenetic versions of this analysis were 

also performed. The first version consisted of a pANCOVA with a nulled phylogeny, which included all dog 

types in the dataset. The second version involved two linear regression models—one model with two 
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intercepts and one slope and another with one intercept. These models were then compared using an 

ANOVA. 

We additionally performed two more voxel-based morphometry analyses to further interpret the 

findings of our pANCOVA analysis. One voxel-based morphometry analysis investigated the relationship 

between brain size scaling and regional gray matter expansions and contractions. The other voxel-based 

morphometry analysis investigated differences in gray matter volume between modern breed and 

premodern dogs, while controlling for brain size by including it as a covariate. 

4.4.6 Canine Behavioral Assessment and Research Questionnaire 

The owners of 61 canine subjects (51 modern breed) completed the Canine Behavioral 

Assessment and Research Questionnaire (C-BARQ; Hsu and Serpell, 2003). Questions 1 through 8 from 

the trainability subscale were averaged to create a trainability score for each subject (reverse coded items 

were converted). The same approach was used to generate scores for stranger-directed fear (Questions 

36, 37, 39, 40), dog-directed fear (Questions 45, 46, 53, and 54), and nonsocial fear (Questions 38, 41, 

42, 44, 47, 48). We also generated an “overall fear” score by averaging questions from all three fear 

subscales together (Questions 36–54). We generated five separate linear regression models to determine 

whether each score was significantly predicted by expansions in brain anatomy (Table 6). 

4.5 Results 

4.5.1 Regional Gray Matter Volume 

First, we investigated whether regional gray matter volume across the whole brain varied 

significantly between 72 modern breed and 13 premodern dogs. Our voxel-based morphometric analysis 

of T2-weighted images found that modern breed dogs showed expansion throughout the cortex. 

Specifically, expansions were observed in the frontal gyrus, gyrus rectus, prorean gyrus, composite gyrus, 

coronal gyrus, precruciate gyrus, postcruciate gyrus, sylvian gyrus, ectosylvian gyrus, suprasylvian gyrus, 

and marginal gyrus (Figure 11, Supplemental Figure 38, Supplemental Table 17). Additionally, modern 

breed dogs showed volumetric reductions in subcortical regions, including the amygdala, right nucleus 

accumbens, hippocampus, and cerebellum (Figure 12, Supplemental Figure 38, Supplemental Table 18). 
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An additional area of reduction was detected abridging the dorsal aspect of the hypothalamus and ventral 

aspect of the thalamus surrounding the third ventricle. While the resolution of structural MRI does not 

allow for precise identification of the borders of hypothalamic and thalamic nuclei, the anatomical location 

of this cluster is consistent with the nucleus reuniens, paraventricular thalamic nucleus, centromedial 

thalamic nucleus, posteromedial ventral thalamic nucleus, dorsomedial hypothalamic nucleus, and 

periventricular hypothalamic nucleus. This cluster extends posteriorly along the gray matter surrounding 

the third ventricle, consistent with the location of the posterior hypothalamic nucleus and posterior 

paraventricular hypothalamic nucleus. 

 

Figure 11. Significantly enlarged regions of gray matter volume in modern breed dogs compared with 

premodern dogs. Colored regions are all p < 0.05 after correction for multiple comparisons; t statistic 

values are illustrated. Visualized on a canine brain atlas created by Johnson et al. (2020). 

https://www.jneurosci.org/content/45/27/e2032242025.full#ref-27
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Figure 12. Significantly enlarged regions of gray matter volume in premodern dogs compared with 

modern breed dogs. Colored regions are all p < 0.05 after correction for multiple comparisons; t statistic 

values are illustrated. Visualized on a canine brain atlas created by Johnson et al. (2020). 

4.5.2 Brain-Body Allometry 

Next, we examined whether premodern and modern breed dogs show different allometric scaling 

patterns by performing a pANCOVA that incorporated phylogenetic data from Parker et al. (2017). We 

found no significant difference in the slope or intercept for modern breed versus premodern dogs 

(F = 0.49, p = 0.65). Two follow-up analyses using nonphylogenetic approaches found comparable results 

(both F = 1.42, p = 0.26). 

Although brain volume did not differ significantly between the two groups, we questioned whether 

variation in brain size might still be significantly associated with variation in regional gray matter 

morphometry. Previously, we had observed that total brain size largely accounts for variation in cortex 

volume, which is linked to breed-average trainability (Hecht et al., 2021a). In order to assess the extent to 

which variation in brain size across modern and premodern dogs accounts for the results observed here, 

we then performed an additional voxel-based morphometry analysis investigating the relationship 

between brain size and regional gray matter volume. We found that increased brain size is associated 

with widespread expansion across the cortex, in regions very similar to those that are expanded in 

modern breed dogs compared with premodern dogs (Figure 13, Supplemental Figure 39, Supplemental 

https://www.jneurosci.org/content/45/27/e2032242025.full#ref-27
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Table 19). Furthermore, reduced brain size is associated with volumetric reduction in subcortical regions, 

again very similar to those that are reduced in modern breeds compared with premodern dogs (Figure 13, 

Supplemental Figure 39, Supplemental Table 20). 

 

Figure 13. Regions of gray matter volume that are significantly enlarged with increasing brain size (light 

blue) and decreasing brain size (orange). Colored regions are all p < 0.05 after correction for multiple 

comparisons; t statistic values are illustrated. Visualized on a canine brain atlas created by Johnson et al. 

(2020). 

Finally, to assess whether there is any variation in gray matter morphology that is not accounted 

for by variation in total brain size, we compared regional gray matter differences between premodern and 

modern breed dogs while controlling for total brain size. We found remaining regions of significant cortical 

expansion in modern breeds located in parts of the left prorean gyrus, anterior suprasylvian gyrus, and 

postcruciate gyrus (Figure 14, Supplemental Figure 40, Supplemental Table 22). 

https://www.jneurosci.org/content/45/27/e2032242025.full#ref-27
https://www.jneurosci.org/content/45/27/e2032242025.full#ref-27
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Figure 14. Significantly expanded regions of gray matter volume in modern breed dogs compared with 

premodern dogs while controlling for brain size. Colored regions are all p < 0.05 after correction; t statistic 

values are illustrated. Visualized on canine a canine brain atlas created by Johnson et al. (2020). 

4.5.3 C-BARQ Trainability and Fear Scores 

Owners of 61 of the dogs in this dataset completed the C-BARQ (Hsu and Serpell, 2003; Duffy 

and Serpell, 2012). We generated five linear regression models to determine if amygdala/cortical 

expansion significantly predicts individual C-BARQ trainability, general fear, stranger-directed fear, dog-

directed fear, and nonsocial fear scores (Table 6). We found that cortical expansion significantly predicts 

increased trainability (p = 0.00019, t value = 4.0), while expansion of the amygdala significantly predicts 

increased overall fear (computed as the average of all C-BARQ fear scales; p = 0.0016, t value = 3.3), 

stranger-directed fear (p = 1.25 × 10−7, t value = 6.0), dog-directed fear (p = 0.024, t value = 2.3), and 

nonsocial fear (p = 3.66 × 10−5, t value = 4.5; Figure 15, Table 6). Furthermore, in five additional linear 

regression models, we found that modern breed versus premodern status significantly predicts individual 

C-BARQ trainability (p = 3.8 × 10−05, t value = −4.46), overall fear (p = 0.023, t value = 2.34), stranger-

directed fear (p = 0.040, t value = 2.11), dog-directed fear (p = 0.041, t value = 2.1), and nonsocial fear 

scores (p = 0.0166, t value = 2.5; Figure 16, Table 6). 

https://www.jneurosci.org/content/45/27/e2032242025.full#ref-27
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Figure 15. Significantly expanded regions of gray matter volume in modern breed dogs compared with 

premodern dogs while controlling for brain size. Colored regions are all p < 0.05 after correction; t statistic 

values are illustrated. Visualized on canine a canine brain atlas created by Johnson et al. (2020). 

 

Figure 16. Comparison between modern breed and premodern dogs for C-BARQ scores for trainability 

(A), overall fear (B), stranger-directed fear (C), dog-directed fear (D), and nonsocial fear (E). p values 

derived from linear regression models (Table 6). 

https://www.jneurosci.org/content/45/27/e2032242025.full#ref-27
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  Trainability Overall 

Fear 

Stranger-

Directed 

Fear 

Dog-

Directed 

Fear 

Nonsocial 

Fear 

Intercept  

p value 

2 × 10−1 9.98 × 10−07 0.0061 2.13 × 10−05 5.87 × 10−12 

Estimate 2.04 0.45 0.22 0.67 0.88 

SE 0.070 0.082 0.077 0.15 0.25 

t value 44.03 5.47 2.84 2.1 2.47 

Ancestry p value 3.8 × 10−05 0.023 0.040 0.041 0.0166 

Estimate −0.76 0.47 0.404 0.76 0.63 

SE 0.17 0.20 0.20 0.36 0.25 

t value −4.46 2.34 2.11 2.1 2.5 

Table 6. Summary of linear regression models generated to test the relationship between C-BARQ 

behaviors and ancestry (modern breed vs premodern status). 

 

4.6 Discussion 

The present study investigated differences in relative brain size and regional gray matter volume 

between modern breed dogs, which have undergone a high degree of artificial selection, and premodern 

dogs, which have been subject to less intensive artificial selection (Boyko and Boyko, 2014). We 

performed whole-brain voxel-based morphometry on T2-weighted MRI scans of 85 working and 

companion dogs. Additionally, owners of 61 of the canine subjects completed the C-BARQ (Hsu and 

Serpell, 2003), a widely validated assessment of dog behavior. Using these two sources of information, 

we find evidence that dogs’ brains and behaviors have continued to evolve after the initial wolf-to-dog 

transition. 

In our voxel-based morphometry analysis of regional gray matter volume, we found significant 

and widespread expansion of the cortex in modern breed dogs compared with premodern dogs. This 

includes large extents of frontal, temporal, parietal, occipital, and cingulate cortex. The cortex is broadly 
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implicated in higher-order sensory processing, action planning, cognition, and flexible/learned behavior. 

Given previous findings that modern breed dogs are more trainable than ancient breed dogs (Turcsán et 

al., 2011 ; Smith et al., 2017), we assessed (1) whether trainability significantly differs between modern 

breed and premodern dogs and (2) if cortical expansion significantly predicts a dog's trainability score. As 

expected, modern breed dogs were rated as significantly more trainable than premodern dogs (Figure 

13). Furthermore, cortical enlargement positively predicted trainability (Figure 14). These results build 

upon a previous finding by Hecht and colleagues that there is a significant association between breed-

average trainability scores and cortical expansion (2021), although this is the first direct assessment of 

brain anatomy and trainability ratings within the same individuals. Together, these results suggest that 

artificial selection in modern breed dogs has acted to increase trainability and cortical volume. Why might 

this have occurred? In their most common role(s) as household pets and/or working dogs, modern breed 

dogs interact closely with humans. This niche may have favored dogs with larger, more plastic cortices 

that were better able to learn novel behaviors and skills from humans. Consistent with this interpretation, 

the dogs with the highest trainability scores and greatest cortical expansion were purpose-bred working 

dogs (Figure 14). Brain tissue is metabolically expensive (Aiello and Wheeler, 1995), which generally 

limits brain enlargement across species (Isler and van Schaik, 2014), but since household pets and 

working dogs are well provisioned and have a stable diet, their brains may have been released from this 

constraint (Hecht et al., 2023). 

Compared with premodern dogs, modern breeds also show gray matter reduction in several 

subcortical structures, most markedly including the amygdala (Figure 12). The amygdala processes both 

positive and negative environmental stimuli but is especially well-known for its role in fear learning (Janak 

and Tye, 2015). In a post hoc analysis, we further discovered that expansion of the amygdala significantly 

predicts owner-reported overall fear (computed as an average of all C-BARQ fear scores), stranger-

directed fear, dog-directed fear, and nonsocial fear (Figure 15, Table 6). Our findings are therefore 

consistent with the idea that the flight-or-fight response may have been targeted by selection over the 

course of dog domestication (Price, 1984), not just in the initial transition of early modern dogs from a 

now-extinct wolf ancestor, but also in more recent, ongoing selection after domestication had occurred. 

Premodern dogs may have historically benefited from having elevated fear levels as they lived more 
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independently from humans and may have needed to evaluate and avoid threats in the environment by 

themselves. On the other hand, modern breed dogs have evolved to be highly integrated into human 

society, and survival in this environment might require reduced fearfulness. Humans may also directly 

select against behaviors resulting from flight-or-fight processing, particularly in the case of working dogs, 

where these behaviors can conflict with work goals. Notably, portions of the hypothalamus, which is also 

centrally involved in flight-or-fight processing, were also reduced in modern breed dogs (Figure 12). 

To evaluate whether relative brain size is different between modern breed and premodern breed 

dogs, we conducted a pANCOVA (Smaers and Rohlf, 2016). This analysis did not show a significant 

difference in relative brain size between modern breeds and premodern dogs. Additional nonphylogenetic 

analyses produced the same result. However, when we subsequently performed a whole-brain voxel-

based morphometry analysis investigating the relationship between total brain size and regional gray 

matter volume, we found widespread cortical expansion and contraction of the amygdala with increasing 

brain size, closely mirroring modern/premodern differences (Supplemental Figure 40). Therefore, while 

relative brain size differences between premodern and modern dogs did not reach significance in this 

sample, variation in absolute brain size between these two groups accounts for nearly all of the variation 

in regional brain anatomy. This is consistent with the “late equals large” hypothesis by Finlay and 

colleagues, which proposes that as brains scale larger, late-developing cortex disproportionately 

expands, while earlier developing regions, including the amygdala, disproportionately shrink (Finlay et al., 

2001). 

Interestingly, though, even after controlling for total brain size, some regions of cortex are still 

significantly larger in modern breed dogs. This is suggestive of focal, mosaic adaptation which occurs on 

top of the backdrop of global, concerted, allometric change (Striedter and Northcutt, 2019). These regions 

include portions of the postcruciate gyrus (motor cortex), anterior suprasylvian gyrus (temporal cortex), 

and prorean gyrus (prefrontal cortex). Notably, the prorean gyrus is implicated in the emergence of 

cooperative pack hunting in the carnivore lineage (Radinsky, 1969) and has been affected by selection on 

social behavior in the Russian farm-fox model (Hecht et al., 2021b). The anterior suprasylvian gyrus 

activates in response to spoken human language in awake dog fMRI studies (Andics et al., 2016; Cuaya 
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et al., 2022; Bálint et al., 2023). Together, this suggests that cortical areas supporting social cognition and 

social communication have been under specific positive selection in modern breeds. 

An additional possibility is that experiential differences between modern and premodern dogs in 

this dataset may account for a portion of the observed neuroanatomical variation, as some of the modern 

breed dogs were enrolled in working dog training programs. However, our results cannot be attributed 

entirely to plasticity effects for several reasons. First, we previously observed a link between cortical 

expansion and trainability scores in a study that assessed neural correlates of breed-average C-BARQ 

scores (Hecht et al., 2021a); this prior analysis was blind to individual variation in experience and driven 

entirely by heritable, breed-level traits. Second, the brain–behavior associations we report here occurred 

in both working and nonworking individuals. And third, the anatomical extent and magnitude of the current 

results far exceed any prior report of experience-dependent plasticity and are more in line with innate, 

heritable traits. The effect of specific training experiences on brain organization is an important question 

for future research. 

There are several limitations of our study that should be noted. First, the ancestral population of 

early domestic dogs is extinct and their brains and behavior are not available for study. Today's 

premodern dogs are not “living fossils,” although they presumably possess more ancestral traits than 

highly derived, artificially selected modern breeds. Second, there are additional lineages of premodern 

and modern dogs which are not represented in this sample and should be examined in future research, 

along with variation among breeds/types within each group. Additional important topics for future research 

include examining other aspects of brain organization, such as connectivity patterns and cell type 

distributions, as well as underlying genetic architecture. 

Together, our findings suggest that the brain–behavior phenotype of recent dog domestication 

involves reduction in flight-or-fight processing, as mediated by the amygdala, as well as increases in 

learning and behavioral flexibility, as mediated by distributed cortical regions. Interestingly, these neural 

changes are paralleled in rabbit domestication (Brusini et al., 2018). Our results are consistent with a 

dual-phase model of dog domestication which posits early attenuation to the human socio-ecological 

niche followed by additional adaptative changes supporting behavioral specialization for particular 
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contexts within that niche (Tancredi and Cardinali, 2023). Our findings challenge the long-standing idea 

that domestication consistently involves reductions in brain size (Kruska, 1988). Furthermore, our results 

are consistent with the emerging pattern that brain evolution in domestic dogs has been shaped by both 

concerted developmental patterning in brain scaling (Finlay et al., 2001; Hecht et al., 2021a) and by focal, 

mosaic change (Hecht et al., 2019). While dogs were the first species domesticated by humans, they are 

far from the only ones. Among mammals, the biomass of domesticates now far outweighs that of wild 

species by 2 orders of magnitude (Bar-On et al., 2018), and increasing anthropogenic influence is 

arguably now a significant selective force for all animals on the planet. Thus, our results raise the 

possibility that comparable neuro-evolutionary changes may also be occurring in other animals and 

further research is warranted in additional species. 

4.7 Supplemental Materials 

Supplemental materials can be found online in the Journal of Neuroscience or in the Appendix. 

 

 

Chapter 5 White matter differences in the brains of modern and premodern dogs 

Co-Authors: Isabel Levin, Jayvier Plaza Hernández, Katie Dabney, and Erin Hecht 

5.1 Abstract 

Linking variation in brain structure to variation in behavior remains a central challenge in 

neuroscience. Domestic dogs provide a powerful within-species model because modern breeds and 

premodern dogs have experienced markedly different selective pressures on social cognition and 

learning. Here, we tested whether recent, behavior-focused artificial selection in modern breed dogs is 

associated with systematic divergence in white matter organization relative to premodern dogs. We 

acquired T1-weighted, T2-weighted, and diffusion-weighted MRI from 52 dogs (29 modern breed, 23 

premodern) and applied tract-based spatial statistics (TBSS), and whole-brain probabilistic tractography 

with graph-theoretical analyses. Modern breed dogs exhibited significantly greater fractional anisotropy 

(FA) across large, distributed clusters spanning cerebral white matter as well as thalamic and midbrain 

regions, whereas no regions showed greater FA in premodern dogs. FA within modern-enriched clusters 

https://scholar.google.com/citations?user=-wfu4NsAAAAJ&hl=en
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positively predicted C-BARQ trainability scores across individuals. Network analyses demonstrated 

altered global topology in modern dogs, including reduced weighted clustering coefficients, distinct 

community organization, and increased cortical hub prominence, whereas premodern dogs showed 

greater relative subcortical connectivity. Together, these findings indicate that recent artificial selection for 

cooperative learning and trainability is associated with large-scale reorganization of the canine 

connectome. Even over short evolutionary timescales within a single species, selection on behavior can 

substantially reshape structural brain connectivity. 

5.2 Introduction 

A central challenge in neuroscience is linking variation in brain structure to variation in behavior 

(Genon et al., 2022). Domestic dogs offer a rare opportunity to investigate this question, as they exhibit 

extraordinary behavioral diversity within a single species. Following the initial wolf-to-dog transition, some 

dog populations experienced relatively weak or indirect artificial selection, while others underwent 

intense, intentional selection for specialized behavioral roles (Boyko & Boyko, 2014; Pongrácz & Dobos, 

2025). This provides a powerful natural experiment for addressing how selection for behavior, particularly 

traits central to life in the human social niche such as cooperation, learning, and reduced reactivity, can 

drive systematic divergence in brain organization over short evolutionary timescales. 

Modern breed dogs were developed in Western societies over the past two centuries through 

directional selection for appearance and/or behavior (Parker et al., 2017). During this period, formalized 

kennel clubs, breed registries, and working dog organizations emerged, which standardized breed 

definitions and codified selective breeding practices (Coutts & Harley, 2010; Larson et al., 2012; Worboys 

et al., 2018). As a result, modern dogs diversified into specialized breeds optimized for specialized roles 

within human societies (Dutrow et al., 2022). Importantly, many of these roles require close affiliation and 

cooperation with humans, as is the case for herding, retrieving, and companionship (Bognár et al., 2021; 

Höglin et al., 2021; Miklósi et al., 2021). 

In contrast to modern breed dogs, older lineages of dogs from outside the West have 

experienced less intensive artificial selection (Boyko & Boyko, 2014; Trut et al., 2021). These premodern 

dogs include ancient breed dogs, such as Siberian huskies and salukis, as well as village dogs (also 
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known as free-ranging dogs or FRDs) (Barton et al., 2025; Geiger et al., 2017). Ancient breeds descend 

from landraces that predate Victorian breed formation and were shaped by a mixture of natural and 

artificial selection (Boyko & Boyko, 2014; Skabelund, 2011; Smith et al., 2017). Village dogs inhabit 

human settlements but roam and breed freely, thereby experiencing natural and sexual selection (Car et 

al., 2025; Pilot et al., 2016). Notably, neither ancient breed nor village dogs underwent strong selection for 

close coordination with humans as modern breed dogs have (Höglin et al., 2021). It has therefore been 

argued that ancient breed (Hansen Wheat et al., 2019) and village dogs (Car et al., 2025) are good 

approximate models of what early domestic dogs may have been like, although it is important to 

remember that they are not “living fossils” and may still have derived phenotypes (Barton et al., 2025). 

While premodern dogs are known for their closer genetic affinity to gray wolves (Lin et al., 2025), 

seasonal breeding (Fielding et al., 2021; Gardner et al., 2025; Kolkmeyer et al., 2024; Tedor & Reif, 

1978), and howling (Lehoczki et al., 2023), modern breed dogs have been found to be more trainable 

(Smith et al., 2017; Turcsán et al., 2011), have stronger social learning abilities (Pongrácz & Dobos, 

2025), and more synchronized with their owner (Höglin et al., 2021; Kujala et al., 2023). Some of these 

traits, such as trainability, might be rooted in neural divergence between modern breed and premodern 

dogs. 

Indeed, dogs with greater genetic distance to wolves have relatively larger brains, as measured 

via endocasts (Garamszegi et al., 2023). Our group has published complementary work that has shown 

that modern breed dogs have expanded cerebral cortex relative to premodern breed dogs, who in turn 

have expanded subcortical regions (Barton et al., 2025). Importantly, cortical expansion was significantly 

associated with increased trainability, whereas amygdala expansion was significantly correlated with 

increased fear (Barton et al., 2025) 

Because gray and white matter co-develop and co-evolve (Zhang & Sejnowski, 2000), differences 

in overall brain size are expected to be accompanied by corresponding differences in white matter 

organization. As brains increase in size, total white matter volume also increases, but it scales sublinearly 

relative to the expansion of the cerebral cortex (Ardesch et al., 2022). This disproportionate scaling 

imposes constraints on long-range connectivity, such that larger brains contain a lower proportion of long-
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distance connections relative to shorter, more local ones (Ardesch et al., 2022). To preserve efficient 

information processing under these wiring constraints, larger brains tend to adopt more modular and 

segregated network architectures (Puxeddu et al., 2024). They also tend to invest more in myelination as 

an energy-saving adaptation (Wang et al., 2008).  Given that modern breed dogs have relatively larger 

brains than premodern dogs (Garamszegi et al., 2023), they may be expected to exhibit corresponding 

shifts in white matter organization consistent with these general scaling principles. 

The present study tests this prediction by directly comparing white matter organization between 

two major dog lineages—modern breed dogs and premodern dogs. Using T1-weighted, T2-weighted, and 

diffusion-weighted MRI from 52 dogs, we quantified white matter differences using complementary 

approaches, including whole-brain probabilistic tractography, tract-based spatial statistics, and T1w/T2w 

ratio mapping. Together, these analyses allow us to assess whether recent, behavior-focused artificial 

selection in modern breed dogs is associated with systematic divergence in white matter organization 

relative to premodern dogs, providing insight into how selection on behavior can shape brain connectivity 

over short evolutionary timescales. 

5.3 Methods 

5.3.1 Ethics Statement 

All procedures were reviewed and approved by the IRB and IACUC of Harvard University. 

5.3.2 Subjects 

Dogs were recruited from the United States using social media and local advertising around the 

Harvard area. All dogs were privately owned companion, working, or service animals. Village dogs from 

Africa and Eurasia were brought into the United States by nonprofit organizations or American citizens for 

them to be adopted as pets. The sample included 23 premodern dogs (5 village dogs and 18 ancient 

breed dogs) and 29 modern breed dogs. For the purpose of this study, the New Guinea Singing Dog is 

considered an ancient breed dog, as New Guinea Singing Dogs were brought to the US in the 1950s and 

have been kept in captivity and bred within a closed pool here since that time (ref), although this is 

somewhat of a liminal case. Table 7 provides subject details. Importantly, dogs from both the premodern 
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and modern group were involved in dog sports and specialized working behaviors. Figure 17 shows 

photographs of some of the subjects. 

 

Figure 17. Subjects: (A) Premodern dogs. First row, left to right: Fattoush, Lebanese village dog; Kismet, 

Seppala Siberian Sled Dog and Apollo, Siberian Husky; Charlie, Chinese village dog; Kopi, New Guinea 

singing dog; Mochi, Shiba Inu. Second row, left to right: Yelena, Samoyed; Sugar, Indian village dog; 

Kaede, Kishu Ken; Kirby, Korean Village Dog; Sakura, Kishu Ken. (B) Modern breed dogs. First row, left 

to right: Nero, German Shepherd; Nikko, Border Collie; Westley, Labrador Retriever; Pasta, Border Collie; 

Caroline, Labrador Retriever. Second row, left to right: Billy, Labrador Retriever; Tamsin, American Pit Bull 

Terrier x Australian Shepherd x American Staffordshire Terrier x Labrador Retriever x Boxer x Rottweiler 

x American Bulldog x Bullmastiff x Boston Terrier; Buck, German Shepherd; Maxine, Labrador Retriever; 

Lenna, Border Collie. 
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Name Group Breed/type Age Sex Neuter 
status 

Working/sporting activities 

Dima Modern 
breed 

Border collie 2.3 Femal
e 

Desexe
d 

None 

Harley Modern 
breed 

Labrador 
retriever 

1.3 Male Desexe
d 

Service work 

Westley Modern 
breed 

Labrador 
retriever 

1.3 Male Desexe
d 

Service work 

Lenna Modern 
breed 

Border collie 7 Femal
e 

Desexe
d 

Herding livestock 

Raven Premodern West 
Siberian 
laika  

2 Femal
e 

Intact Barn hunt 

Pochacco Premodern Samoyed 3.6 Male Inact Rally, barn hunt 

Chichy Modern 
breed 

Labrador 
retriever 

3 Femal
e 

Desexe
d 

Service work 

Pasta Modern 
breed 

Border collie 2.08 Male Desexe
d 

Herding livestock 

Cue Modern 
breed 

Labrador 
retriever 

2.5 Femal
e 

Desexe
d 

Service work 

Kopi Premodern  New Guinea 
singing dog 

1.5 Femal
e 

Intact Barn hunt 

Oona Premodern Siberian 
husky 

8 Femal
e 

Desexe
d 

None 

Vanda Modern 
breed 

Border collie 8.4 Femal
e 

Desexe
d 

None 

Cap Modern 
breed 

Border collie 11 Male Intact Herding livestock 

Kaede Premodern Kishu ken 2.8 Male Intact Barn hunt, weight pull 

Yelena Premodern Samoyed 1.4 Femal
e 

Intact None 

Sakura Premodern Kishu ken 1.8 Femal
e 

Intact Barn hunt, weight pull 

Sugar Premodern Indian 
village dog 

3.5 Femal
e 

Desexe
d 

None 

Milktea Premodern Shiba inu 3.3 Femal
e 

Desexe
d 

None 

Levi Modern 
breed 

German 
shepherd 

2.4 Male Desexe
d 

Guide work 

Raella Modern 
breed 

German 
shepherd 

1.9 Femal
e 

Desexe
d 

Guide work 

Buck Modern 
breed 

German 
shepherd 

1.8 Male Intact Protection work, service work 

Dak Modern 
breed 

German 
shepherd 

3.8 Male Intact Protection work 

Billy Modern 
breed 

Labrador 
retriever 

8.8 Male Intact Hunting fowl 

Tamsin Modern 
breed 

American 
Pit Bull 
Terrier x 
Australian 

7.3 Femal
e 

Desexe
d 

None 
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Shepherd x 
American 
Staffordshir
e Terrier x 
Labrador 
Retriever x 
Boxer x 
Rottweiler x 
American 
Bulldog x 
Bullmastiff x 
Boston 
Terrier 

Tatanka Premodern  Siberian 
husky 

2.9 Male Desexe
d 

None 

Tuktuk Premodern Siberian 
husky 

5.8 Male Desexe
d 

None 

Zeeba Premodern Saluki 8.6 Male Desexe
d 

None 

Argus Modern 
breed 

Labrador 
retriever 

0.8 Male Intact Scent detection 

Polka Modern 
breed 

Labrador 
retriever 

4.4 Femal
e 

Desexe
d 

None 

Ryan Modern 
breed 

Labrador 
retriever 

5.2 Male Desexe
d 

None 

Caroline Modern 
breed 

Labrador 
retriever 

5.7 Femal
e 

Desexe
d 

None 

Daisy Modern 
breed 

Labrador 
retriever 

4.7 Femal
e 

Desexe
d 

None 

Coco Modern 
breed 

Labrador 
retriever 

4 Femal
e 

Desexe
d 

None 

Tartan Modern 
breed 

Labrador 
retriever 

3.8 Male Desexe
d 

None 

Maxine Modern 
breed 

Labrador 
retriever 

1.1 Femal
e 

Intact Hunting fowl 

Angel Modern 
breed 

Labrador 
retriever 

4.3 Femal
e 

Desexe
d 

None 

Spud Modern 
breed 

Labrador 
retriever 

1.7 Femal
e 

Intact Hunting fowl 

Grey Modern 
breed 

Labrador 
retriever 

6.2 Male Desexe
d 

None 

Remy Modern 
breed 

German 
shepherd 

2.9 Male Desexe
d 

None 

Dami Premodern Samoyed 2.08 Femal
e 

Intact Barn hunt, herding livestock 

Rexxar Modern 
breed 

Border collie 0.92 Male Intact None 

Charlie Premodern Chinese 
village dog 

3 Male Desexe
d 

None 

Mochi Premodern Shiba inu 5.58 Femal
e 

Desexe
d 

None 

Chalupa Premodern Samoyed 1.42 Male Desexe
d 

None 

Fattoush Premodern Lebanese 
village dog 

8 Male Desexe
d 

None 
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Apollo Premodern Siberian 
husky 

6.17 Male Desexe
d 

Sprint sled dog racing 

Kismet Premodern Seppala 
Siberian 
sled dog 

1.75 Femal
e 

Intact Sprint sled dog racing 

Nikko Modern 
breed 

Border collie 1.08 Male Intact None 

Kirby Premodern Korean 
village dog 

5.5 Male Desexe
d 

Agility, scent detection 

Vanilla Premodern Malawian 
village dog 

6.42 Male Desexe
d 

None 

Julian Premodern New Guinea 
singing dog 

4 Male Desexe
d 

None 

Rymoka Premodern New Guinea 
singing dog 

10 Femal
e 

Desexe
d 

None 

Table 7. Subject details. Age is given in years. 

5.3.3 MRI Scan Acquisition 

To alleviate stress associated with the scanner environment, dogs were anesthetized during data 

collection. Scans were supervised by licensed veterinarians. The anesthesia protocol was as follows: 

sedation with butorphanol and dexmedetomidine (0.3 mg/kg + 3-5 mcg/kg IM); anesthesia induction with 

propofol (to effect, 2-6 mg/kg IV) and maintenance with isoflurane (100% O¬2). An InVivo Expression 

MRI-safe unit was used to continuously monitor dogs throughout anesthesia, including ECG, SpO2, NIBP 

(oscillometric), and capnography. A Siemens 3.0 Tesla MAGNETOM Prisma MRI unit and a Siemens 15-

channel TX/RX knee coil were used to acquire images. Sequences acquired for this study included T1-

weighted images (0.67 mm3, 2 averages); T2-weighted structural images (0.67 mm3, 1 average); and 

diffusion-weighted images (1.30 mm3, 60 diffusion directions, 2 averages acquired with reversed phase 

encoding, 12 B0s), lasting approximately 1 hour per dog. After data acquisition was complete, dogs were 

recovered from anesthesia under veterinary supervision, reunited with their owners, and were given a 

framed image of their brain and a bandana. 

5.3.4 Image Processing 

Image preprocessing and analysis used the FSL software package (Smith et al., 2004; Woolrich 

et al., 2009; Jenkinson et al., 2012). Brains were isolated from raw images, and structural images were 

segmented and bias-corrected using the FSL FAST tool (Zhang et al., 2001). Diffusion images were 

processed using TOPUP for EPI distortion correction, EDDY for eddy current correction, DTI fit for tensor 
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fitting, BEDPOSTX to generate a probabilistic distribution of fiber population orientations, and probtrackx2 

for tractography (Andersson et al., 2003; Behrens et al., 2003; Behrens et al., 2007). We used the ANTS 

software package for registration (Avants et al., 2009a; Avants et al., 2009b). Rigid body alignments were 

computed between subjects’ diffusion data and their structural images. Nonlinear transformations were 

computed between subjects’ structural images and the template. 

5.3.5 Tract-Based Spatial Statistics 

We applied a modified version of FSL’s TBSS pipeline  (Smith et al., 2006) in order to use ANTS 

nonlinear transforms rather than FSL’s fnirt transforms, which are less precise. Subjects’ native-space FA 

images eroded to remove edge voxels, brought into the study-specific standard space using ANTS, and 

skeletonized (which projects FA values into a common skeletal frame across all subjects), and 

thresholded at FA > 0.2. FSL’s randomise tool was then used to apply a general linear model with Monte 

Carlo permutation testing; multiple comparisons correction was accomplished via threshold-free cluster 

enhancement (TFCE) at p < .05 (Winkler et al., 2014). This shuffles the group assignments across 

subjects (modern breed or premodern) for 5,000 permutations to build up a null distribution of expected t 

statistics when there is no true association between FA and group. The t statistic values for the true group 

assignments are then compared across the brain to this null distribution in order to identify voxels where 

FA differed significantly between modern breed and premodern dogs. We applied threshold-free cluster 

enhancement for family-wise error correction. 

In one generalized linear model (GLM) we analyzed the relationship between C-BARQ trainability 

and average FA of the significant TBSS cluster. In another GLM we examined the relationship between 

trainability and modern breed versus premodern dog group status. 

The Cornell Canine Brain Atlas (Johnson et al., 2020) was used to create 234 binarized ROI 

masks which are based on myleoarchitectonic segmentations (Kreiner, 1962, 1964a, b, c, 1966). 

Tractography was run between all pairwise combinations of ROIs for each subject using FSL’s 

BEDPOSTX and probtrackx functions with a white matter waypoint mask. Waytotals were divided by the 

volumes of the seed ROIs to correct for ROI size and symmetric individual connectivity matrices were 

created.  These matrices were turned into undirected graph networks with nodes representing gray matter 
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ROIs and edges representing volume-corrected waytotals.  These networks were analyzed in Python 

using the NetworkX package (Aric et al., 2008) and visualized in Gephi (Bastian et al., 2009). Global 

statistics were calculated for each individual and pairwise t-tests were performed to assess differences 

between premodern and modern groups. 

Group average matrices were created for premodern dogs and modern dogs. Global statistics 

and community detection were run. Communities were created using NetworkX’s Louvain Community 

Detection Algorithm, a heuristic method using modularity optimization (Blondel et al., 2008). A Jaccard 

Similarity Index was calculated for premodern versus modern dogs.  For both modern and premodern 

groups, networks were visualized in Gephi and community masks were created in FSL and visualized in 

MRIcroGL.   

Hubs were defined as ROIs in the top 20% in both betweenness centrality and weighted degree 

(Sporns et al., 2007; Buckner et al., 2009; Bullmore and Sporns, 2009; van den Heuvel and Sporns, 

2013) using Gephi. Hubs were visualized in MRIcroGL.  ROIs showing the greatest percentage difference 

in weighted degree between groups were also calculated to find the top 5 ROIs showing increased 

connectivity in premodern dogs and the top 5 ROIs showing increased connectivity in modern dogs. 

5.4 Results 

5.4.1 TBSS Analysis 

No voxels showed significantly greater fractional anisotropy (FA) in premodern dogs than in 

modern dogs. 

Modern breed dogs showed significantly greater FA in two large, distributed clusters. These 

spanned large extents of the cerebral white matter, along with white matter in the thalamus, ventral 

forebrain, and midbrain (Figure 18; Table 8). Fractional anisotropy (FA) within these clusters significantly 

correlated with C-BARQ trainability scores across individual dogs (β = 8.505, SE = 2.418, t = 3.517, p = 

0.00104; Figure 18B). Premodern dogs were significantly less trainable than modern breed dogs (β =-

0.729, SE = 0.159, t = -4.59, p = 3.89e-5; Figure 18B). 
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Figure 18. Fractional anisotropy (FA) is significantly increased in widely distributed portions of cerebral 

white matter in modern dogs compared to premodern dogs. (A) 3D rendered views of TBSS result 

showing voxels where FA is significantly increased in modern dogs. (B) FA within these voxels is 

significantly correlated with C-BARQ trainability scores in both modern and premodern dogs. (C) 2D 

coronal planar views of result in (A). 

Cluster 
Index 

Volume  Max T-
stat 

Max X  Max Y  Max Z  COG X  COG Y  COG Z  

2 19021 6.71 65 112 32 60.4 98.1 45.6 

 
 

6.71 65 112 32 
   

 
 

5.96 59 119 40 
   

 
 

5.77 56 131 31 
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5.65 53 49 69 
   

 
 

5.6 61 112 33 
   

 
 

5.58 57 127 34 
   

1 4692 5.85 39 111 72 63.6 93.2 72.3 

 
 

5.85 39 111 72 
   

 
 

5.62 77 88 73 
   

 
 

5.16 37 113 73 
   

 
 

5.01 37 116 71 
   

 
 

4.69 35 122 69 
   

 
 

4.68 75 85 72 
   

Table 8. Volume, maximum t-statistic values and coordinates, and center of gravity (COG) coordinates for 

TBSS results shown in Figure 18. Coordinates and volumes are given in voxels in the Johnson canine 

template space.  

5.4.2 Connectivity Network Analyses 

There was a statistically significant difference in weighted clustering coefficient between modern 

dogs and premodern dogs (t(22) = -2.90, p = 0.006). Community organization was noticeably different 

between modern and premodern groups. Eight communities were found in modern breeds, while only 

seven were found in premodern dogs (Figure 19). In modern dogs, unlike premodern dogs, the 

cerebellum, superior colliculus, and inferior colliculus form their own distinct community (Figure 19b).   

The other distinct shift in community structure involves the composition of frontal, sensory-motor, 

and olfactory bulb clustering. In premodern dogs, these regions form one large community in the right 

hemisphere and two distinct communities in the left.  In modern dogs, this pattern is reversed: one large 

community is formed in the left hemisphere and two distinct ones form in the right.  
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Figure 19. Networks and communities. (A) Premodern dogs. (B) Modern breed dogs. 

Hub structure is mostly consistent between premodern and modern breeds, with some unique 

hubs apparent for each group (Figure 21). Distinct differences can be seen in frontal regions which are 

hubs in modern dogs only and in certain subcortical regions which are hubs in premodern dogs only. 

Hubs which were present in both lineages include the caudate nucleus, the right hippocampus, olfactory 

bulb, marginal gyrus, medial occipital gyrus, the posterior entolateral gyrus, the posterior ectolateral 

gyrus, the medial suprasylvian gyrus, and the dorsal ectosylvian gyrus. Hubs which were unique to 

premodern dogs were the left hippocampus (subcortical), the right dorsal presplenial gyrus (parietal), the 

right splenial fissure (occipital), and the right medial posterior composite gyrus (temporal). Hubs which 

were unique to modern dogs were all sensorimotor regions: the left anterior coronal gyrus and the coronal 

fissure in both hemispheres. 
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Figure 20. Network hubs in modern breed and premodern dogs. 

Figure 21. Regions with the greatest difference in degree between premodern and modern dogs.  

5.5 Discussion 

Modern breeds of dogs created in the past 200 years have evolved derived traits in response to 

artificial selection (Akey et al., 2010; Parker et al., 2017). In contrast, premodern dogs, including free-

ranging village dogs and ancient breed dogs, have experienced less artificial selection (Pilot et al., 2016; 

Smith et al., 2017). This presents a rare opportunity to investigate brain-behavior evolution within a single 

species. Previously we found that cerebral gray matter volume is expanded in modern breed dogs relative 
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to premodern dogs, while subcortical structures including the amygdala are larger in premodern dogs 

relative to modern breed dogs (Barton et al., 2025). To examine whether white matter organization also 

differs between the two lineages, we collected T1, T2, and diffusion weighted brain scans from 29 modern 

breed and 23 premodern dogs. We used tract-based spatial statistics to assess FA and connectivity 

network analysis to assess global connectivity patterns. We find that white matter organization differs 

systematically between modern breed and premodern dogs. 

Modern breed dogs showed significantly greater FA across large, distributed white matter 

clusters, with no regions showing greater FA in premodern dogs. These clusters spanned extensive 

portions of cerebral white matter as well as thalamic and midbrain regions, indicating broad 

microstructural divergence between the two groups. Critically, FA within these clusters was significantly 

and positively correlated with C-BARQ trainability scores across individual dogs. This association 

suggests that increased white matter integrity, often interpreted as reflecting greater axonal coherence, 

packing density, and/or myelination (Beaulieu, 2002), may support enhanced efficiency of long-range 

communication among cortical regions involved in learning and social responsiveness (Hecht et al., 2015, 

2023) 

At the level of large-scale network organization, connectivity analyses revealed that these 

microstructural shifts are accompanied by altered global topology and nodal organization. Modern breed 

dogs exhibited significantly lower weighted clustering coefficients than premodern dogs, indicating a shift 

in the balance between local segregation and distributed integration. Community detection further 

revealed divergent global architecture: modern breed dogs had eight communities, including a distinct 

cerebellar-collicular module not segregated in premodern dogs, which instead formed seven communities 

overall. This shift in network topology is consistent with known scaling principles – the connectome 

becomes progressively more modular as brain volume increases (Puxeddu et al., 2024). Nodal analyses 

showed that regions exhibiting the largest increases in weighted degree in premodern dogs were 

predominantly subcortical, whereas modern breed dogs showed the largest increases in cortical regions, 

particularly frontal and parietal areas. Unique frontal and sensorimotor hubs in modern breed dogs 

contrasted with unique subcortical hubs in premodern dogs. 
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From a broad perspective, our findings indicate that relatively smaller premodern dog brains 

allocate proportionally greater connectivity to subcortical systems, whereas modern breed dogs exhibit 

derived expansion and reorganization of cortical circuitry. This dissociation aligns with established 

allometric scaling principles in mammals: as total brain size increases, the cerebral cortex, particularly 

association cortex, expands disproportionately relative to subcortical regions (Finlay et al., 2001), and 

white matter investment increasingly favors long-range cortico-cortical projections over cortico-subcortical 

pathways (Warling et al., 2021). In our dataset, this shift is associated with increased trainability. 

Importantly, trainability is best conceptualized as a composite cognitive phenotype rather than a unitary 

trait (Jones & Gosling, 2005).  It likely reflects coordinated variation in learning rate, capacity to form 

arbitrary cue-response mappings (including vocabulary acquisition) (Helton, 2010), accurate interpretation 

of human social cues (Wallis et al., 2020), sustained task engagement, working memory, inhibitory 

control, and social motivation to attend to and cooperate with humans (Serpell & Hsu, 2005). 

Many human equivalents of these traits may support our remarkable ability to learn complex 

behaviors from other humans. For example, the capacity to acquire arbitrary symbol–meaning mappings 

underlies language learning (Chafe, 1967); working memory and inhibitory control support rule 

maintenance and flexible updating (Palladino et al., 2001); reading ostensive cues allows for a richer 

body of information to be learned (Banaji et al., 2013); and sustained social attention and motivation 

enables shared intentionality, imitation, and cooperative problem solving (Tomasello & Carpenter, 2007). 

Comparative work suggests that in the hominin lineage, expansion and reorganization of distributed 

association networks were central to these behavioral shifts (Buckner & Krienen, 2013; Krienen & 

Buckner, 2020). In humans, these associative regions consist of frontoparietal systems underlying action 

observation (Hecht et al., 2013), temporoparietal systems involved in social inference (Mars et al., 2013; 

Saxe & Kanwisher, 2003), and multimodal temporal cortex supporting semantic integration (Ralph et al., 

2017). Our findings suggest that selection on trainability in modern breed dogs may represent a parallel 

elaboration of structural association networks supporting cooperative social learning in humans.  
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This study has several limitations. The modern breed sample was heavily weighted toward 

breeds historically bred for work rather than just companionship and was less diverse than the premodern 

sample. Future work should include a greater variety of modern breeds to ensure that the traits observed 

in this study are generalizable. Furthermore, although widely used, diffusion-derived FA provides an 

indirect proxy of microstructure and myelination (Beaulieu, 2002; Ganzetti et al., 2014). This measure 

cannot fully disambiguate axon density, caliber, and myelin thickness (Warling et al., 2021). Histological 

validation in future postmortem work would strengthen mechanistic interpretation. 

Altogether, our results indicate that strong, behavior-focused artificial selection in the past two 

centuries has reshaped the canine connectome. Selection for flexible learning of complex skills in a 

cooperative context has resulted in a transition to more cortex-centric white matter organization. This 

mirrors key anatomical shifts thought to have occurred in the human lineage (Buckner & Krienen, 2013; 

Preuss, 2011). Our work is consistent with the view that reorganization of white matter connectivity is a 

major target of selection for the rapid acquisition of complex, novel behavioral repertoires. It also 

demonstrates that dogs are a powerful model for understanding the mechanisms of brain-behavior 

evolution. Even within a single species and a short evolutionary timescale, the wiring of the brain can be 

substantially reconfigured to meet the demands of a new social and behavioral niche. 

 

Chapter 6 Plastic Adaptations for Skill in the Labrador Retriever Brain 

Co-Authors: Isabel Levin, Sonya Ganeshram, Katie Dabney and Erin Hecht 

6.1 Abstract 

The relative influences of genes and the environment on brain organization are difficult to parse in 

humans and most model species. Domestic dogs offer a powerful model for dissociating these influences, 

because selective breeding has produced lineages with heritable predispositions for specific working 

roles, while the expression of those roles depends on extensive training. We used voxel-based 

morphometry on T2-weighted structural MRI images from 63 Labrador retrievers drawn from five 

populations that vary systematically in breeding lineage and training history: hunting dogs and scent 
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detection dogs belonging to a hunting lineage, service dogs and released service dogs belonging to a 

service lineage, and companion dogs belonging to a companion lineage. We found evidence of plastic 

neural adaptations in both the hunting and service lineages. But when we compared the two non-working 

groups from different lineages, released service dogs and companion dogs, we found no evidence of 

innate neuroanatomical adaptations in either group. These results suggest that experience-dependent 

plasticity, rather than breeding lineage, is the dominant force shaping regional brain morphology in 

Labrador retrievers. 

6.2 Introduction 

A central challenge of neuroscience is to understand how heritable and experiential factors shape 

brain organization and function (Krubitzer & Kahn, 2003). This question is especially salient in large-

brained species like humans, where prolonged postnatal development and adaptations for plasticity 

create extensive opportunities for experience to sculpt the brain (Sherwood & Gómez-Robles, 2017). Yet 

parsing these two influences has been difficult. Studies in humans offer unparalleled access to complex 

cognition but are constrained by wide variation in genetic background and experience, making causal 

inference elusive (Brandes et al., 2022; Siddiqi et al., 2022). Rodent models permit precise experimental 

control but lack the behavioral complexity and developmental timescales relevant to large-brained taxa 

(Zhang et al., 2023). What is needed is a system that combines the experimental tractability of animal 

models with the brain complexity and ecological richness found in primates and other large-brained 

species (Barron et al., 2021). 

The domestic dog (Canis familiaris) provides exactly this. Centuries of selective breeding for 

specialized working skills have generated lineages with heritable predispositions for specific learned 

behaviors—herding, retrieving, and guarding, among others (MacLean et al., 2019). Crucially, these skills 

are not fully specified at birth but instead depend on extensive training and environmental exposure to be 

expressed  (Hall et al., 2021). Dogs also possess complex brains, extended developmental windows 

(Bray et al., 2021; Gross et al., 2010), are embedded in human environments, and are amenable to 

neuroimaging (Thompkins et al., 2016) and behavioral assessment. Together, these features make the 
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dog an unusually powerful system for asking how inherited neural biases and lived experience jointly 

shape brain organization. 

The Labrador retriever is especially well suited for this purpose. Within this single breed, distinct 

populations have been selectively bred for different working roles, including hunting and service work, 

while a large non-working companion population also exists (Lampi et al., 2020; Wiener et al., 2017). 

Because all Labradors share a common breed-level genetic background, comparisons across these 

populations reduce the broad genetic variation that typically complicates comparisons across breeds. 

Importantly, this does not imply that genetic variation is absent within Labradors: genomic analyses have 

identified measurable within-breed structure associated with working, show, and pet lineages (Wiener et 

al., 2017). Rather, this structure creates the conditions for a natural experiment in which breed-level 

ancestry is held relatively constant, while breeding lineage and training history vary systematically. 

To exploit this structure, we used structural MRI to compare brain morphology in Labradors from 

five groups that vary in lineage and training experience. We organized these groups into three breeding 

lineages: a hunting lineage, from which both hunting dogs and scent detection dogs are drawn; a service 

lineage, from which trained service dogs and released service dogs are drawn; and a companion lineage, 

comprising non-working dogs bred for conformation and companionship. The hunting and companion 

lineages trace back to the field/show split that began in the 1960s, representing approximately 20–30 

generations of divergence at a generation interval of 2–3 years. The service lineage derives from 

breeding programs established in the 1980s, representing approximately 15–20 generations of selective 

breeding for service-related traits. Released service dogs were dogs that had entered but not completed 

a professional service dog training program and were released for medical rather than behavioral 

reasons, meaning they were not removed due to temperamental unsuitability for service work. Critically, 

both the released service dogs and the companion dogs are non-working family dogs, but they originate 

from different breeding lineages, with one being selected for service work and the other not. This provides 

a key contrast for separating the effects of lineage from those of training. 

This design enables three specific comparisons aimed at disentangling the relative contributions 

of selective breeding and training experience to brain organization. First, comparisons between each 
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actively working group—hunting, scent detection, and service dogs—and released service dogs identify 

neural features associated with each working role, although these differences may reflect lineage, training 

history, or their interaction. Second, comparisons among dogs from broadly similar lineages but with 

different training experiences test whether specific work histories are associated with experience-

dependent neural plasticity. Hunting and scent detection dogs share a retriever working-dog background 

but perform distinct tasks, while service dogs and released service dogs share a service-dog breeding 

background but differ in current working status. Third, comparisons between non-working dogs from 

different breeding backgrounds test whether lineage-related differences in brain organization are present 

in the absence of current professional work. Companion dogs and released service dogs are both non-

working at the time of study, but differ in breeding background and early training history, allowing selective 

breeding and early developmental experience to be evaluated separately from ongoing working demands. 

In the current study, we used voxel-based morphometry on T2-weighted structural MRI images of 

63 Labradors to investigate whether breeding lineage and training experience are associated with 

differences in brain morphology. We predicted that each working population would show distinct neural 

signatures reflecting the sensory and cognitive demands of its role, that specific training histories would 

drive experience-dependent changes detectable within lineages, and that lineage-based differences 

would be evident even among dogs without professional training. 

6.3 Methods 

6.3.1 Ethics Statement 

The Institutional Animal Care and Use Committee (IACUC) and Internal Review Board (IRB) of 

Harvard University reviewed and approved the procedures of this study. 

6.3.2 Subjects 

All 64 subjects were single breed Labrador Retrievers. The study groups consisted of 12 scent 

detection dogs, 12 hunting dogs, 17 service dogs, 11 released dogs, and 12 companion dogs. The mean 

ages were 1.30 ± 0.52 years for scent detection dogs, 3.18 ± 2.44 years for hunting dogs, 1.94 ± 0.76 

years for service dogs, 4.43 ± 1.26 years for released service dogs, and 4.00 ± 2.54 years for companion 
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dogs (Figure 22). Subjects were recruited from working dog institutions and private owners. The service 

and released dogs came from America’s VetDogs service dog population. The service dogs were 

individuals who were in the final stages of their institutional training, whereas the released service dogs 

were dogs who were released from the program for non-behavioral reasons to live as pets in private 

homes. In contrast, the scent detection and hunting dogs were bred for hunting by private breeders. The 

scent detection dogs were near the end of their institutional training at the Penn Vet Working Dog Center. 

The hunting dogs belonged to private owners across the United States and were trained by professional 

dog trainers. 

 

Figure 22. Groups of Labrador retrievers included in the study. 

 Subject Group Age Sex 

1 Spud Hunting 1.7 Female intact 



87 

2 Jefferson Hunting 4 Male intact 

3 Billy Hunting 8.8 Male intact 

4 Louise Hunting 2.7 Female desexed 

5 Annie Hunting 2.3 Female intact 

6 Paddy Hunting 2.1 Male intact 

7 Maxine Hunting 1.1 Female intact 

8 Boss Hunting 1.1 Male intact 

9 Twister Hunting 1.1 Male intact 

10 Theo Hunting 2.3 Female intact 

11 Jack Hunting 6.42 Male desexed 

12 Buckshot Hunting 2.58 Male intact 

13 Joe Scent Detection 1.3 Male intact 

14 Lambert Scent Detection 0.8 Male intact 

15 Argus Scent Detection 0.8 Male intact 

16 Jesse Scent Detection 0.9 Male intact 

17 Boston Scent Detection 1.7 Female intact 

18 Rio Scent Detection 0.8 Male intact 

19 Vauk Scent Detection 1.8 Female desexed 

20 Marc Scent Detection 1.25 Male intact 

21 Sage Scent Detection 1.1 Female intact 

22 Dude Scent Detection 1.1 Male intact 

23 Villa Scent Detection 1.58 Female desexed 

24 Edgar Scent Detection 2.5 Male desexed 

25 Chichy Service  3 Female desexed 

26 Cue Service  2.5 Female desexed 

27 Paisley Service 2.3 Female desexed 

28 Zucch Service 1.7 Male desexed 

29 Westley Service 1.2 Male desexed 

30 Arbor Service 2.6 Male desexed 

31 Kelly Service 2.5 Female desexed 

32 Harley Service 1.3 Male desexed 

33 Ramses Service 1.9 Male desexed 

34 Tune Service 2.5 Female desexed 

35 Odin Service 1.7 Male desexed 

36 Jojo Service 0.7 Male desexed 

37 PJ Service 2.5 Male desexed 

38 Kelbi Service 2.6 Male desexed 

39 Bloom Service 2.4 Female desexed 

40 Otis Service 0.7 Male desexed 

41 Hope Service 0.7 Female desexed 

42 Max Released Service 1.8 Male desexed 

43 Grey Released Service 6.2 Male desexed 

44 Ryan Released Service 5.2 Male desexed 

45 Coco Released Service 4 Female desexed 

46 Toby Released Service 5 Male desexed 

47 Sally Released Service 3.7 Female desexed 

48 Polka Released Service 4.4 Female desexed 

49 Caroline Released Service 5.67 Female desexed 

50 Daisy Released Service 4.7 Female desexed 

51 Tartan Released Service 3.8 Male desexed 

52 Angel Released Service 4.3 Female desexed 
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53 Luna Companion 3.08 Female desexed 

54 Blizzard Companion 0.58 Female intact 

55 Joseph Companion 2.5 Male desexed 

56 Benito Companion 2.25 Male desexed 

57 Nala Companion 6 Female desexed 

58 Lola Companion 2 Female desexed 

59 Lappa Companion 5.33 Female desexed 

60 Maggie Companion 9.5 Female desexed 

61 Jayce Companion 2.42 Male desexed 

62 Poppy Companion 3.33 Female desexed 

63 Hunter Companion 5 Male desexed 

64 Winston Companion 6 Male desexed 

Table 9. Subjects in the dataset. Age is provided in years. 

 

6.3.3 Procedure 

Dogs were anesthetized during their MRI scans to avoid potential discomfort and the need for 

extensive training to lie awake and motionless inside the MRI machine. This anesthetization was 

performed by a licensed veterinarian familiar with the dog’s medical history and health status. The 

veterinarian sedated dogs with butorphanol and dexmedetomidine (0.3 mg/kg +3 5 mcg/kg, i.m.) and 

induced general anesthesia using propofol (to effect, 2–6 mg/kg, i.v.), which was maintained with 

isoflurane O2. While anesthetized, dogs were continuously monitored by the veterinarian and two 

veterinary technicians using the following parameters: ECG, SpO2, NIBP (oscillometric), and 

capnography (InVivo Expression MRI-safe unit). T2-weighted structural images (0.667 mm3, 1 average) 

and 60-direction DWI images (1.30 mm3, 2 averages with reversed phase encoding, 12 B0s) were 

collected within a ~1 hour scanning session. Afterwards, dogs were recovered from anesthesia while 

being monitored by a veterinary technician. A bandana and framed image of the dog’s brain was given to 

the dog’s owner or handler to take home. 

6.3.4 Voxel-Based Morphometry 

Regional gray matter morphometry between the five groups was compared using voxel-based 

morphometry – an approach that analyzes the entire brain in a data-driven manner. The ANTs software 

package was used in an in-house pipeline to isolate the brain from the images (Avants et al., 2011) 
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(http://picsl.upenn.edu/software/ants/). A study-specific, symmetric template brain was then made using 

the software FSL (Jenkinson et al., 2012; Smith et al., 2004) (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki) by 

registering and merging images from a randomly selected set of 10 dogs from each of the five groups. 

ANTs was used to non-linearly register the subjects’ images to the template (Avants et al., 2011) and the 

FSL FAST tool was used for bias-field correction and gray matter, white matter, and cerebro-spinal fluid 

segmentation.   

A Jacobian image was generated by multiplying the Jacobian determinant of the ANTs warp field 

by the gray matter mask for each subject. The Jacobian image shows how each part of the brain had to 

spatially transform to match the study-study specific average brain template. The five groups were 

compared in a pairwise fashion using the FSL randomise tool, which does Monte Carlo permutation 

testing of a general linear model (Winkler et al., 2014). Our significance threshold was set at p < 0.05 

after family-wise error correction through threshold-free cluster enhancement (Smith & Nichols, 2009). 

6.4 Results 

There were significant differences in regional gray matter volume across multiple group 

comparisons (Figure 23, Tables 10–13). Compared to released service dogs, scent detection dogs had 

significant expansions in parts of the frontal cortex (prorean gyrus, right subprorean gyrus, right anterior 

composite gyrus), temporal cortex (sylvian gyrus, right anterior ectosylvian gyrus, right mid sylvian gyrus), 

parietal cortex (presplenial gyrus, right lateral fissure), occipital cortex (right ectolateral gyrus, anterior 

suprasylvian sulcus, caudal splenial gyrus, splenial sulcus, posterior marginal sulcus, anterior marginal 

gyrus, and right anterior pararecurrens gyrus), mid cingulate gyrus, and left inferior colliculus. Released 

service dogs did not show any significantly enlarged regions compared to scent detection dogs.  

Relative to released service dogs, hunting dogs showed significantly enlarged parts of the right 

prorean gyrus, left anterior composite gyrus, and left anterior sylvian gyrus. There were no significantly 

expanded regions in released service dogs compared to hunting dogs. Compared to released service 

dogs, service dogs showed significant expansion in parts of the prorean gyrus, pregenual gyrus, and 

anterior composite gyrus. Released service dogs had an enlarged hippocampus compared to service 
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dogs. There were no significant differences in regional gray matter volume between companion dogs and 

released service dogs.  

 

Figure 23. Significantly enlarged regions of gray matter volume in scent detection dogs relative to 

released service dogs (A), hunting dogs relative to released service dogs (B), service dogs relative to 
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released service dogs (C), and released service dogs relative to service dogs (D). Colored regions are p 

< 0.05 after correction for multiple comparisons. 

Compared to hunting dogs, scent detection dogs showed expansion in parts of frontal cortex 

(precruciate gyrus), temporal cortex (left posterior ectosylvian gyrus) parietal cortex (posterior ectolateral 

gyrus, right ectolateral sulcus, presplenial gyrus, presylvian sulcus, right posterior marginal gyrus, anterior 

marginal gyrus), occipital cortex (right posterior entolateral gyrus, anterior suprasylvian sulcus, left 

anterior suprasylvian sulcus, splenial sulcus, suprasplenial sulcus), anterior cingulate gyrus, right 

posterior cingulate gurus, and cerebellum. Meanwhile, relative to scent detection dogs, hunting dogs 

showed expansion in the dorsal hippocampus and right caudate (Figure 24, Table 14,7). 

 

Figure 24. Significantly enlarged regions of gray matter volume in scent detection dogs relative to hunting 

dogs (A) and hunting dogs relative to scent detection dogs (B). Colored regions are p < 0.05 after 

correction for multiple comparisons. 
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Cluster 

Index 

Voxels Max Max X 

(vox) 

Max Y 

(vox) 

Max Z 

(vox) 

Cog X 

(vox) 

Cog Y 

(vox) 

Cog Z 

(vox) 

11 17065 65 65 112 74 61.3 97.5 81.1 

10 9077 60 60 152 32 60.4 153 34.6 

9 8331 40 40 56 46 55 55.1 64 

8 3028 38 38 125 47 35.9 133 49.2 

7 520 81 81 62 41 80.4 64.6 34.9 

6 409 21 21 99 52 26.5 99.2 57.2 

5 194 84 84 59 50 85.5 58.3 50.4 

4 178 72 72 69 19 75.7 68.6 18.3 

3 80 23 23 112 67 22.9 112 66 

2 27 103 103 122 46 103 121 45.5 

1 9 101 101 120 56 101 120 55.1 

Table 10. Information for clusters expanded in scent detection dogs relative to released service dogs 

depicted in Figure 23A. 

Cluster 

Index 

Voxels Max Max X 

(vox) 

Max Y 

(vox) 

Max Z 

(vox) 

Cog X 

(vox) 

Cog Y 

(vox) 

Cog Z 

(vox) 

3 1236 6.28 103 121 45 101 118 50 

2 1029 6 55 152 38 55.9 153 36.9 

1 91 6.59 86 100 47 86 99.2 47.2 

Table 11. Information for clusters expanded in hunting dogs relative to released service dogs depicted in 

Figure 23B. 
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Cluster 

Index 

Voxels Max Max X 

(vox) 

Max Y 

(vox) 

Max Z 

(vox) 

Cog Z 

(vox) 

Cog Y 

(vox) 

Cog Z 

(vox) 

2 3529 5.11 64 140 28 63.6 142 31.7 

1 1797 6 96 111 58 98.6 114 54.2 

Table 12. Information for clusters expanded in service dogs relative to released service dogs depicted in 

Figure 23C. 

 

Cluster 

Index 

Voxels Max Max X 

(vox) 

Max Y 

(vox) 

Max Z 

(vox) 

Cog X 

(vox) 

Cog Y 

(vox) 

Cog Z 

(vox) 

2 4933 5.41 39 72 45 40 74.5 55.4 

1 2727 5.99 81 84 68 80.1 72.6 62.4 

Table 13. Information for clusters expanded in released service dogs relative to service dogs depicted in 

Figure 23D. 

 

Cluster 

Index 

Voxels MAX MAX X 

(vox) 

MAX Y 

(vox) 

MAX Z 

(vox) 

COG X 

(vox) 

COG Y 

(vox) 

COG Z 

(vox) 

4 37375 1 88 66 34 60.8 75.7 74.3 

3 2856 1 105 97 21 107 87.5 35.9 

2 107 1 42 138 54 39.9 138 60.6 

1 60 1 78 98 92 78.2 99.7 93.4 

Table 14. Information for clusters expanded in scent detection dogs relative to hunting dogs depicted in 

Figure 24A.  

Cluster 

Index 

Voxels MAX MAX X 

(vox) 

MAX Y 

(vox) 

MAX Z 

(vox) 

COG X 

(vox) 

COG Y 

(vox) 

COG Z 

(vox) 
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2 1846 1 48 95 52 53.4 84 61.6 

1 60 1 47 130 45 49.4 130 48.5 

Table 15. Information for clusters expanded in hunting dogs relative to scent detection dogs depicted in 

Figure 24B. 

 

6.5 Discussion 

The interplay between inherited neural biases and experience-dependent plasticity remains a 

central puzzle in neuroscience (Haimson & Mizrahi, 2025). The domestic dog presents a rare natural 

experiment for dissociating genetic and experiential contributions to brain organization. Working Labrador 

Retrievers are selectively bred for distinct functional roles, yet the specific environments and training 

regimes those dogs encounter vary substantially. By comparing regional gray matter volume across five 

groups of Labradors that differ in genetic background and life experience, we were able to ask whether 

gray matter organization more closely tracks heritable predispositions or lived experience. Our results 

suggest that experience-dependent plasticity contributes more to neuroanatomical variation in Labrador 

retrievers than genetic background.  

Compared to released service dogs, all three working groups (service, hunting and scent 

detection) showed gray matter expansion in the prorean gyrus and the anterior composite gyrus. The 

prorean gyrus is a prefrontal region involved in executive control (Hecht et al., 2019), whereas the 

anterior composite gyrus acts as a transitional hub integrating sensory, motor, and motivational 

processes, with extensive connections to prefrontal cortex (Kosmal et al., 1984). That this expansion was 

common to all working groups, regardless of the specific skill trained, suggests that it reflects a domain-

general neural substrate that indexes the capacity to acquire complex learned behaviors. Thus, while the 

content of what is learned differs between working roles, the underlying neural infrastructure for learning 

appears to be shared. 

Superimposed on this shared foundation, we observed focal neuroanatomical differences 

associated with specialized skill training. Relative to released service dogs, scent detection dogs showed 
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additional gray matter expansion in multisensory cortical regions, association cortex, cingulate gyrus, and 

inferior colliculus. They also showed expansion in regions of sensorimotor cortex and cerebellum 

compared to hunting dogs. These findings suggest that the sensory and cognitive systems most relevant 

to a trained skill undergo domain-specific plastic adaptation shaped by the content of training experience. 

Hunting dogs, by contrast, showed expansions in the hippocampus and right caudate nucleus relative to 

scent detection dogs. The hippocampus is broadly implicated in spatial memory and navigation 

(Eichenbaum, 2017; O’keefe & Nadal, 1978), while the caudate nucleus is involved in goal-directed 

learning and action (Grahn et al., 2008), functions plausibly engaged by the demands of retrieval work in 

the field. Together, these results demonstrate that while domain-general prefrontal and premotor regions 

expand across all working populations, the specific cortical and subcortical territories that differentiate 

working groups correspond to the particular sensory and cognitive demands of each role. 

A notable finding within the service lineage was that released service dogs had a significantly 

enlarged hippocampus compared to service dogs who completed training. Because these two groups 

share the same breeding lineage, this difference likely reflects experiential rather than genetic factors. 

One possibility is that released dogs, having transitioned to life as companion animals in private homes, 

engage in more autonomous spatial exploration than service dogs, whose movement is closely guided by 

a handler and constrained by the demands of assistance work. Enriched spatial experience is known to 

promote hippocampal neurogenesis in rodents and gray matter expansion in humans (Garthe et al., 2016; 

Maguire et al., 2000). Alternatively, or additionally, the hippocampal difference may relate to chronic 

stress. Service dogs operate in demanding, highly structured environments that may impose sustained 

physiological stress, and chronic stress is well established as a driver of hippocampal volume reduction 

and suppressed neurogenesis (Lee et al., 2009; Mirescu & Gould, 2006). Released service dogs, by 

contrast, may experience lower baseline stress levels in their role as household pets. These two 

explanations are not mutually exclusive: greater spatial freedom and reduced stress may jointly contribute 

to hippocampal expansion in the released population. 

Perhaps the most striking finding was the absence of significant morphological differences 

between companion dogs and released service dogs. These two groups come from distinct breeding 
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lineages (one selected for conformation and companionship, the other for service work) yet share the 

common feature of living as non-working companion dogs. Several interpretations of this null result merit 

consideration.  

First, it may be that insufficient evolutionary time has elapsed since the divergence of these 

lineages for selection to have produced innate neuroanatomical differences in gray matter detectable at 

the resolution of our methods. Or it could be that there has been sufficient time, but these changes have 

taken place in other neural traits, such as connectivity or functional activity.  

Second, it is possible that companion Labradors are, in a sense, preadapted for the kinds of 

social and cognitive demands that define service work. As discussed in chapter 3, the Labrador retriever 

is a modern breed of dog with a highly trainable, expanded cerebral cortex (Barton et al., 2025). The 

breed's historical development as a hunting retriever (Wiener et al., 2017) may have endowed it with a 

neuroanatomical profile that already approximates what service work requires. The disproportionate 

representation of Labrador retrievers in service programs worldwide may thus reflect, at least in part, a 

pre-existing neuroanatomical suitability for the demands of assistance work 

Third, it could be the case that service dog breeding programs unintentionally select for increased 

neuroplasticity rather than canalization of any particular learned skill. Service dog training demands that 

dogs acquire a broad and flexible behavioral repertoire such as responding appropriately to unpredictable 

situations and inhibiting natural impulses in varied social contexts (Bray et al., 2019). Success in such 

programs may therefore favor brains that are especially responsive to experience, rather than brains that 

are hardwired for a specific task. 

The present findings therefore indicate that, within Labrador retrievers, individual variation in 

regional gray matter morphology is shaped more strongly by lived experience than by breeding lineage 

alone. This pattern is consistent with a model in which selective breeding establishes broad behavioral 

predispositions, but experience and training determine how those predispositions are instantiated in the 

brain. These findings also have implications relevant to ongoing debates about the nature of hominin 

cognitive evolution. 
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Our results suggest that experience plays a larger role than selection in determining within-breed 

variation in regional gray matter volume.  One prominent view holds that the expansion of the human 

brain involved the elaboration of specialized neural modules for capacities such as tool use and language 

(Hecht et al., 2015; Rilling et al., 2008). Our data are more consistent with an alternative framework in 

which selection favored increased neuroplasticity itself rather than the canalization of specific innate 

abilities. Notably, the Labrador populations in our study do not differ meaningfully in overall brain size, yet 

they exhibit substantial differences in regional gray matter organization. This suggests that shifts in 

plasticity can produce marked functional diversification without requiring gross changes in brain volume, a 

finding that may have parallels in periods of hominin evolution where behavioral complexity appears to 

have increased without proportional increases in endocranial capacity (Neubauer et al., 2018). 

These findings also have immediate practical relevance. Working dogs play critical roles in 

society as they help disabled people live fuller, safer, healthier lives, locate and rescue survivors of 

natural disasters, and assist law enforcement and military operations. Yet there are critical shortages of 

dogs for these roles (Leighton et al., 2018). Training dogs for specialized tasks takes multiple years (Bray, 

Otto, et al., 2021), costs at least $50,000 per dog (Wirth & Rein, 2008), and fails approximately 50% of 

the time (Maejima et al., 2007; Slabbert & Odendaal, 1999). Our findings suggest that quantitative 

neuroanatomical biomarkers, particularly variation in prefrontal and anterior composite gyrus morphology, 

may offer a biologically grounded basis for predicting working potential. This could lay a foundation for 

neuroscience-guided improvements to breeding, selection, and training, potentially shifting the field from 

reactive selection to predictive biology. 

Several limitations should be considered. First, the sample sizes for each group in this study were 

modest, which may have reduced power to detect subtler lineage-based differences. Second, the groups 

differed somewhat in age and sex composition, which may also contribute to variation in gray matter 

structure. Third, because this study was cross-sectional, it cannot definitively establish the temporal 

sequence by which training and environment produced the observed differences. Longitudinal studies 

following dogs before, during, and after specialized training will be critical for determining how quickly 

these neuroanatomical changes emerge and whether they persist across the lifespan. 
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Future work should therefore integrate longitudinal neuroimaging with behavioral and genetic 

data to test how inherited predispositions interact with training to shape brain development over time. It 

will also be important to examine whether lineage-based effects are more apparent in other neural 

phenotypes, such as white matter connectivity or functional network organization, even when gray matter 

morphometry appears similar. By combining selective breeding history with naturally occurring variation in 

training experience, dogs provide a powerful model for understanding how genes and experience jointly 

produce specialized brains. 

 

Chapter 7 Discussion 

7.1 Synopsis 

Over the course of hominin evolution, the brain was likely a major target of selection, as it 

underwent an approximately threefold expansion in volume (Holloway et al., 2009). It has long been 

hypothesized that this expansion was accompanied by substantial alterations to gray and white matter 

organization, including cortical reorganization, shifts in structural lateralization, and modifications to the 

connective architecture linking distributed brain regions (Rilling, 2014). Yet our ability to reconstruct these 

changes is severely constrained by multiple, compounding limitations. Hominin endocrania and 

endocasts provide only a coarse proxy for brain organization, as external cortical morphology is largely 

independent of internal neural architecture, rendering features such as regional gray matter variation and 

white matter connectivity completely invisible to the fossil record (Alatorre Warren et al., 2019). While this 

can be partially circumvented by investigating the brains of our modern great ape relatives (Rilling, 2014), 

such comparisons are limited by the long divergence time between great apes and humans 

(Besenbacher et al., 2019), the possibility that modern ape lineages have themselves diverged 

considerably from our last common ancestor (Almécija et al., 2021; Staes et al., 2019), and the difficulty 

of determining which neural differences between humans and apes correspond to which behavioral 

differences (Logan et al., 2018). The highly plastic nature of the human brain further complicates matters, 

as it is exceptionally difficult to distinguish innate neural adaptations from specializations that arise 
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through experience, particularly for socially learned skills such as language and tool use that are 

universally acquired yet environmentally shaped (Hecht, 2018). 

In this dissertation, I have demonstrated how the domestic dog can serve as a living model 

system to address these challenges and answer major questions relevant to human brain evolution. Dogs 

offer a uniquely powerful comparative framework because they are a single species in which skull 

morphology, brain size, behavioral specialization, and selective history vary independently across 

differentiable, extant lineages — and in which all of these variables can be measured directly using the 

same neuroimaging methods applied to humans. Critically, the evolutionary history of the domestic dog 

contains multiple separable phases of selection, from the initial commensal transition, through modest 

function-driven artificial selection, to the intense selective breeding of the past two centuries (Ritvo, 1986; 

Wang et al., 2013) that provide a natural comparative design for dissociating variables that cannot be 

dissociated in the hominin record. Furthermore, the convergent social evolution of dogs and humans, 

including dogs' orientation toward human social partners (Range & Virányi, 2011) and their capacity to 

learn from human demonstration (Fugazza & Miklósi, 2014; Topál et al., 2006), makes them especially 

well-suited for investigating how selection within the anthropogenic niche shapes brain organization. 

Across five chapters, I have isolated distinct axes of this variation to test biological principles of 

brain evolution that are directly relevant to the hominin lineage but otherwise intractable. Chapter 1 

examined how regional gray matter volume covaries with skull shape, leveraging the extraordinary range 

of canine craniofacial morphology to inform how the human brain may have been reorganized as the skull 

became more globular. Chapter 2 investigated whether structural lateralization in the brain is a 

consequence of encephalization or a target of selection, exploiting the nearly fourfold variation in brain 

size across dogs in one of my datasets to partially decouple these two potential drivers. Chapter 3 

contrasted modern breed and premodern dogs to test whether selection for social learning from human 

instructors drives cortical expansion and reorganization of gray matter. Chapter 4 extended this 

comparison to white matter organization, using diffusion MRI and graph-theoretical analyses to examine 

how connective architecture responds jointly to scaling and behavioral selection. Finally, Chapter 5 used 
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within-breed comparisons of working and non-working Labrador retrievers to disentangle inherited neural 

predispositions from acquired adaptations shaped by occupational experience. 

In this concluding chapter, I synthesize the principal findings from each of these investigations, 

discuss their broader implications for understanding how brains evolve in response to social and 

ecological pressures, identify limitations of the domestic dog as a model system and of the approaches 

employed here, and outline directions for future research that could extend and refine this comparative 

framework 

7.2 Chapter Summaries 

7.2.1 Chapter 2 Summary 

Chapter 2 asked whether variation in skull shape is associated with variation in regional gray 

matter volume in domestic dogs. Using voxel-based morphometry on T2-weighted MRI images from 79 

dogs, I found that neurocephalic index, which is the ratio of neurocranium width to length, significantly 

predicted gray matter reductions at both extremes of the skull-shape continuum. In dogs with shorter, 

wider neurocrania (higher neurocephalic indices), reductions were confined to the most rostral and caudal 

portions of the brain, including the right olfactory bulb, frontal cortex, marginal gyrus, and cerebellum. In 

dogs with longer, narrower neurocrania (lower neurocephalic indices), reductions were more widespread 

and encompassed the olfactory bulb, frontal cortex, temporal cortex, amygdala, hypothalamus, 

hippocampus, periaqueductal gray, cerebellum, and brainstem. No regions showed expansion at either 

extreme; rather, mesocephalic dogs with intermediate skull shapes had the largest gray matter volumes 

across the brain. 

These results clearly demonstrate that selection on skull shape can alter regional gray matter 

volume. Therefore, skull shape changes over the course of hominin evolution likely led to gray matter 

reorganization. This may help explain why skull shape changes appear to accompany the emergence of 

behavioral modernity in the human archeological record (Neubauer et al., 2018). However, it should be 

noted that the gray matter alterations that we observed in this study did not match the changes 

hypothesized to have occurred in humans based on endocasts and endocrania. For example, in the 
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transition from ancient to anatomically modern humans, there is clear parietal bulging and expansion of 

the cerebellum  (Neubauer et al., 2018). But in brachycephalic dogs that share a globular skull shape with 

humans, there are only regional reductions, not expansions. 

These differences might relate to the considerable phylogenetic divergence between humans and 

dogs, who last shared a common ancestor 94 million years ago (Kumar et al., 2022). Humans have a 

dramatically higher ratio of neurocranium to viscerocranium (facial skeleton) because of considerable 

brain expansion (Pérez-Claros et al., 2015). In dogs, even in the most extreme brachycephalic breeds, 

the viscerocranium remains a substantial component of total skull volume (Evans & de Lahunta, 2013). 

This means that although brachycephalic dogs and modern humans share a superficially globular cranial 

profile, the underlying proportional relationship between brain and face is fundamentally different. Given 

that brachycephalic dogs showed only regional reductions relative to mesocephalic dogs, it appears that 

the brachycephalic neurocranium does not increase in volume with globularization, as it does in humans 

(Neubauer et al., 2009). Instead, globularization in dogs appears to be achieved more by compressing 

the facial skeleton, which may be why there are no regional gray matter expansions due to constrained 

neurocranium size. 

Humans and brachycephalic dogs also differ in cranial suture morphology. Brachycephalic dogs 

exhibit significantly greater cranial suture and synchondrosis closure than mesocephalic dogs (Geiger & 

Haussman, 2016). This premature and extensive fusion constrains the directions in which the skull can 

grow during development. According to Virchow’s law, when premature suture closure occurs, growth of 

the skull is typically restricted perpendicular to the fused suture and enhanced in a plane parallel to it 

(Guimarães-Ferreira et al., 2004). In brachycephalic dogs, increased closure of cranial sutures and 

synchondroses is associated with a characteristically short, broad skull; consistent with Virchow’s law, 

increased fusion of sutures oriented in the coronal plane would be expected to constrain anteroposterior 

elongation while permitting lateral widening. Critically, the brain of a brachycephalic dog must develop 

within a vault whose growth trajectories have been altered by suture pathology (Farke et al., 2019). In 

anatomically modern humans, by contrast, skull globularization is not associated with pathological suture 

fusion but rather with changes in brain growth trajectories that drive the overlying bone outward, 
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particularly in the parietal and cerebellar regions (Flaherty et al., 2016; Neubauer et al., 2018). In humans, 

the brain is, in a sense, shaping the skull, whereas in brachycephalic dogs, the skull may be more so 

shaping the brain. 

The magnitude of skull shape variation is far more extreme in domestic dogs than in humans or 

other mammals (Evans & de Lahunta, 2013). This greater extremity in dogs may explain why regional 

gray matter reductions, rather than expansions, predominate at both ends of the canine skull-shape 

spectrum. Hominin skull shape changes occurred gradually over tens of thousands of years alongside 

continued brain growth, allowing neural tissue to expand into newly available cranial space (Neubauer et 

al., 2018). In generational terms, the transition to a globular neurocranium unfolded over roughly 2,400 

human generations, given an average generation time of approximately 27 years (Wang et al., 2023). In 

dogs, by contrast, artificial selection has reshaped the skull over mere centuries, on the order of 100–200 

generations. Although modern breed dogs have evolved larger brains (Barton et al., 2025, Chapter 4), the 

rapid pace of craniofacial change appears to have constrained the regional distribution of gray matter, 

which may explain why reductions rather than expansions predominate at both ends of the skull-shape 

spectrum. 

Despite these major differences, the findings of this chapter demonstrate that selection on 

anatomy other than the brain, such as the skull, can have direct influences on brain morphology. This is 

very important in the context of hominin evolution, as there have been pronounced changes in skull 

shape over time related to feeding ecology and potentially also sexual selection. The transition to Homo 

involved dramatic reduction in postcanine tooth size and gracilization of the masticatory apparatus 

(Demes & Creel, 1988; Ledogar et al., 2016) , while middle Pleistocene Homo sapiens underwent 

craniofacial gracilization potentially driven by selection for reduced aggression and increased social 

tolerance (Cieri et al., 2014). Because the skull is an integrated structure in which the face, cranial base, 

and braincase are developmentally and functionally linked, selection on any one component is expected 

to produce correlated changes in the others, including the endocranial space that houses the brain 

(Lieberman et al., 2000). The present findings from domestic dogs, in which artificial selection on skull 
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shape has demonstrably reorganized regional gray matter volume, provide empirical proof of concept that 

such non-neural skeletal selection pressures can propagate to the brain.  

There are several limitations to acknowledge and avenues for future research. First, while this 

study establishes that skull shape predicts regional gray matter volume, it does not establish whether 

these volumetric differences have functional consequences. There is indirect evidence to suggest they 

might, however. The right olfactory bulb was among the regions reduced in brachycephalic dogs, and 

behavioral studies have documented diminished olfactory performance in brachycephalic breeds, as well 

as altered functional connectivity (Nakaimuki et al., 2025) . However, the relationship between regional 

gray matter volume and behavioral or cognitive function in dogs remains largely unexplored. Future work 

pairing structural neuroimaging with standardized behavioral assays would help determine whether the 

gray matter reductions observed here translate into measurable differences in sensory processing, 

learning, or temperament. 

Second, the brachycephalic dogs in this sample were predominantly small breeds, whose brains 

may already be subject to strong constraints on absolute size imposed by miniaturization. It is possible 

that the gray matter reductions reported in this chapter are partly confounded with the effects of small 

body size, and that the picture might look different in a sample enriched for larger brachycephalic breeds, 

such as the St. Bernard or Dogue de Bordeaux, where the brain has more absolute space in which to 

rearrange itself even if the vault is shortened. Future studies should therefore sample across a wider 

range of body sizes and skull shapes within the brachycephalic category to disentangle the effects of skull 

shape from those of overall brain scaling. 

Third, this study examined only gray matter. White matter tracts, which connect distant brain 

regions and underpin functional networks, may also be substantially reorganized by skull shape variation. 

There is precedent for this in domestic cats, where more brachycephalic Persian cats have been shown 

to possess less white matter compared to more mesocephalic Persian cats (Schmidt et al., 2017). If 

analogous white matter reductions occur in brachycephalic dogs, the functional implications could be 

significant. Diffusion weighted imaging in dogs across the skull-shape continuum would be a natural next 
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step for characterizing the full extent of neuroanatomical reorganization associated with artificial selection 

on craniofacial form. 

7.2.2 Chapter 3 Summary 

Chapter 3 asked whether domestic dogs show structural brain asymmetries, whether those 

asymmetries scale with brain size, and whether they are associated with networks linked to historical 

selection for breed function. Using voxel-based morphometry and source-based morphometry on T2-

weighted MRI images from 62 dogs of 33 breeds, I found widespread gray matter asymmetries spanning 

cortical and subcortical regions. Leftward asymmetries were present in portions of the temporal cortex 

(including the sylvian gyrus, sylvian sulcus, and ectosylvian gyrus), the piriform lobe, the amygdala, and 

much of the cerebellum and brainstem, while rightward asymmetries were observed in frontal regions 

(including the prorean gyrus and precruciate gyrus), the thalamus, the hypothalamus, the cerebellum, and 

the brainstem. These asymmetries did not scale with brain size, despite an almost fourfold range in brain 

volume across the sample. At the network level, asymmetries were present in all six previously identified 

dog structural brain networks (Hecht et al., 2019), with more cortically dominated networks tending to 

show greater asymmetry.  

Among the most striking findings was the leftward asymmetry of the temporal cortex, particularly 

in and around the sylvian sulcus, which is the canine analogue of the primate sylvian fissure (Bryant & 

Preuss, 2018). This pattern parallels a well-established feature of the human brain, where the perisylvian 

cortex shows robust leftward structural biases that have been linked to language processing (Takao et al., 

2011; Gómez-Robles et al., 2016; Maingault et al., 2016; Price, 2012). Interestingly, in dogs, the left 

rostral and caudal sylvian gyrus show greater activity in response to dog-directed and infant/directed 

speech than normal adult human speech (Gergely et al., 2023). Additional temporal regions that were 

expanded in the left hemisphere included the caudal ectosylvian gyrus, implicated in dog processing of 

word meaning (Boros et al., 2025) and the caudal suprasylvian gyrus, implicated in dog perception of 

natural speech (Cuaya et al., 2022) . This suggests that asymmetry in the canine temporal lobe may 

support the processing of human language as it does in humans. 
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This interpretation is further supported by evidence that dogs and humans may have undergone 

convergent selection on neural systems involved in language processing. In another paper I coauthored, 

my colleagues and I identified a canine homolog of the human arcuate fasciculus with an endpoint in the 

caudal ectosylvian gyrus, and found that this tract is significantly larger in the left hemisphere (Levin et al., 

2024). By contrast, the chimpanzee arcuate fasciculus does not show population-level leftward 

asymmetry (Hecht et al., 2025), suggesting that humans and dogs may have independently evolved 

enlargement of the left arcuate fasciculus in response to selection for enhanced language-related or 

communicative processing. Consistent with this interpretation, the size of the canine tract predicted 

owner-reported receptive vocabulary size in individual dogs (Levin et al., 2024). 

The other endpoint of the dog arcuate fasciculus, the precruciate gyrus, showed rightward 

asymmetry in dogs. Interestingly, the anterior portion of Broca’s area in humans, which is potentially 

homologous to the canine precruciate gyrus, has a larger surface area in the right hemisphere (Kong et 

al., 2018). This may also be an equivalent adaptation for language processing (Kong et al., 2022) in both 

species. 

Another notable finding from Chapter 2 was that gray matter asymmetries in the dog brain did not 

scale with brain size. It has been proposed that hemispheric specialization arises as a consequence of 

increasing brain size, because larger brains face greater interhemispheric conduction delays and thus 

benefit from lateralized, within-hemisphere processing (Ringo et al., 1994). Yet despite an almost fourfold 

range in brain volume in the dog sample studied, no relationship between brain size and asymmetry 

volume was observed. This finding demonstrates that asymmetry can evolve independently to brain size 

and is consistent with broader comparative evidence that lateralization is widespread even among small-

brained vertebrates and invertebrates (Güntürkün et al., 2020; Rogers et al., 2013), a pattern that is 

difficult to reconcile with any purely size-dependent account. In the context of human evolution, this 

means that it cannot be necessarily assumed that observed asymmetries came about through concerted 

increases in brain volume. An important caveat, however, is that dog brains are considerably smaller than 

human brains, so it remains possible that scaling effects on asymmetry only emerge above a certain size 

threshold. The present data cannot rule out such a threshold model. 
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Chapter 2 further showed that asymmetry was present in structural brain networks that have 

evolved to support historical breed functions. Asymmetry was more prominent in the networks that were 

more cortically based, such as the networks for social interaction and drive and reward. This pattern is 

intriguing because it suggests that lateralization may be especially characteristic of higher-order cortical 

circuits involved in complex, learned behaviors. Language is strongly left-lateralized (Frost, 1999) as is 

tool use and skilled manual action (Lewis, 2006; Randerath et al., 2010). The finding that dog brain 

networks linked to complex working behaviors show greater asymmetry than those involved in basic 

threat responses thus parallels the broader pattern in humans, where lateralization appears to be the 

most pronounced in cortical systems that have been shaped by selection on skilled behavior (Ocklenburg 

& Güntürkün, 2017). This convergence across two distantly related lineages raises the possibility that 

selection for complex behavioral specializations may preferentially drive the lateralization of cortical 

networks. 

Several limitations of these findings should be acknowledged. Most importantly, the functional 

relevance of the structural asymmetries reported here remain unknown. While structural asymmetries are 

often interpreted as reflecting underlying functional lateralization, there need not be a one-to-one 

correspondence between the two. That said, there is evidence across multiple species that structural 

asymmetries can be associated with cognitive and behavioral phenotypes (Rogers et al., 2013). For 

example, in human children, lateralization of the arcuate fasciculus (Qiu et al., 2011) and superior 

longitudinal fasciculus (J. Liu et al., 2019) is significantly predictive of language abilities. In human adults, 

the volume of the left arcuate fasciculus is significantly associated with functional language lateralization 

as measured through a dichotic listening task (Ocklenburg et al., 2014). Meanwhile, in chimpanzees, right 

handedness is significantly associated with increased leftward lateralization of the planum temporale 

(Hopkins & Nir, 2010). Future research should therefore investigate the functional correlations of cognition 

and behavior and structural asymmetries in dogs. It would be particularly informative to further examine 

how structural asymmetry relates to language processing in dogs to see if there is convergence with what 

is observed in humans. It would also be interesting to directly test how asymmetry relates to working 

performance in dogs. 
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Another limitation of this study was that only gray matter morphology was investigated. However, 

previous work suggests that certain gray matter asymmetries can be accompanied by parallel 

asymmetries in white matter (Takao et al., 2011). It is therefore reasonable to expect that given the 

widespread lateralization of gray matter volume in the canine brain, there would also be considerable 

white matter asymmetries. Future work should leverage diffusion tensor imaging in dogs to explore 

potential white matter lateralization.  

A final limitation is that the present study examined structural asymmetry at a single time point, 

making it impossible to determine whether the observed asymmetries are stable traits or whether they 

fluctuate across development or in response to experience. Longitudinal data would be needed to 

establish whether these asymmetries are established early in life and remain fixed, or whether they are 

shaped by training, environmental enrichment, or other experiential factors.  

7.2.3 Chapter 4 Summary 

Chapter 4 asked whether modern breed dogs and premodern dogs differ in regional gray matter 

volume, whether those differences mirror the effects of brain scaling, and whether they are associated 

with variation in trainability and fear. Using voxel-based morphometry on T2-weighted MRI images from 

85 dogs (72 modern breed and 13 premodern), I found that modern breed dogs show significant and 

widespread cortical expansion spanning frontal, temporal, parietal, occipital, and cingulate regions, while 

premodern dogs show significantly larger subcortical structures, most notably the amygdala, 

hippocampus, and nucleus accumbens, as well as portions of the hypothalamus and thalamus. A whole-

brain analysis of brain size and regional gray matter volume revealed that these modern/premodern 

differences closely mirror the effects of brain scaling, with increasing brain size associated with cortical 

expansion and subcortical contraction in the same regions. Cortical expansion significantly predicted 

individual trainability scores, while amygdala expansion significantly predicted fear scores, including 

overall fear, stranger-directed fear, dog-directed fear, and nonsocial fear. Modern breed dogs were also 

rated as significantly more trainable and less fearful than premodern dogs.  

Individual dog behavior ratings were obtained from the Canine Behavioral Assessment & 

Research Questionnaire (C-BARQ) (Duffy & Serpell, 2012; Hsu & Serpell, 2003), which was filled out by 
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the dogs’ owners. In this scale, trainability is conceptualized as a dog’s ability to follow human cues, pay 

attention to humans, learn quickly, and resist distractions during training (Serpell & Hsu, 2005). Many of 

these component abilities have human equivalents that underpin our own capacity for social learning. The 

ability to acquire arbitrary symbol-meaning mappings is foundational to language learning (Chafe, 1967), 

reading ostensive cues from a demonstrator enriches the body of information available to be learned 

(Csibra & Gergely, 2009), and sustained social attention and motivation enable shared intentionality, 

imitation, and cooperative problem solving (Tomasello & Carpenter, 2007). Trainability, in this view, can 

serve as a useful proxy for human-directed social learning ability, and the association between cortical 

expansion and trainability in modern breed dogs may thus point toward a broader principle, that selection 

for the ability to learn from social partners can drive expansion of the cerebral cortex. 

This idea aligns with, but is more specific than, the social brain hypothesis, which posits that the 

cognitive demands of navigating complex social environments have been a primary driver of brain 

enlargement in primates (Dunbar, 1998). The social brain hypothesis focuses on social group size and the 

computational demands of tracking social relationships, but the dog data suggest that a more targeted 

selective pressure, the ability to learn complex behaviors from a social partner, may be sufficient on its 

own to initiate cortical expansion. This is consistent with the cultural brain hypothesis (Muthukrishna et al., 

2018), which proposes that selection for the ability to acquire, store, and transmit cultural knowledge can 

drive brain enlargement independently of group size per se. In dogs, the relevant cultural knowledge is 

interspecific rather than intraspecific, as modern breed dogs have been selected to learn from human 

teachers rather than from conspecifics, and recent behavioral evidence suggests that more cooperative 

breeds preferentially learn from humans over other dogs (Dobos & Pongrácz, 2024; Pongrácz & Dobos, 

2025). The fact that cortical expansion predicts trainability at the individual level, within a sample that 

includes both working and companion dogs, suggests that this relationship is not simply a product of 

experiential enrichment. It is also supported by a prior study from our lab that found a significant 

association between breed-average trainability scores and cortical expansion (Hecht et al., 2021), a result 

that was blind to individual variation in experience and driven entirely by heritable, breed-level traits. 
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A further consideration is the role of brain scaling in producing these differences. Although a 

phylogenetic analysis of covariance did not reveal a significant difference in relative brain size between 

modern breed and premodern dogs, a separate whole-brain voxel-based morphometry analysis showed 

that variation in total brain size accounts for nearly all of the variation in regional gray matter anatomy 

observed between the two groups. Increasing brain size was associated with cortical expansion and 

subcortical contraction in the same regions that distinguished modern breed from premodern dogs. This 

pattern is consistent with the "late equals large" hypothesis, which holds that as brains scale larger, late-

developing structures like the cortex expand disproportionately while earlier-developing structures like the 

amygdala shrink in relative terms (Finlay et al., 2001). If selection for trainability has favored dogs with 

larger brains, then the widespread cortical expansion and subcortical reduction observed in modern 

breeds may be largely a downstream consequence of concerted developmental scaling, rather than the 

result of independent, mosaic changes to many individual brain regions. If this reasoning is correct, it 

suggests that selection for social learning ability in hominin evolution may have triggered an increase in 

brain size that then produced a cascade of correlated neural changes through the predictable logic of 

allometric scaling. 

The premodern side of the equation is also informative, although its relevance to human evolution 

is less direct. Premodern dogs showed significantly larger subcortical structures, most markedly the 

amygdala, and amygdala expansion significantly predicted fear scores across multiple C-BARQ 

subscales. The amygdala processes both positive and negative environmental stimuli and is best known 

for its role in fear learning (Janak & Tye, 2015). However, fear may not be the only functional domain 

relevant to amygdala expansion in premodern dogs. The central nucleus of the amygdala has been 

identified as a modular command system for predatory hunting in rodents, coordinating both prey pursuit, 

via projections to the periaqueductal gray, and the delivery of killing bites, via projections to the 

parvocellular reticular formation (Han et al., 2017). This is notable because premodern dogs have strong 

historical ties to hunting. Many ancient breeds were maintained specifically for hunting purposes. Village 

dogs and New Guinea singing dogs also hunt prey rather than relying solely on human-provisioned food 

(Boyko & Boyko, 2014; Ritchie et al., 2013; Surbakti et al., 2020). The enlarged amygdala in premodern 

dogs may therefore reflect not only heightened fear processing but also the preservation of predatory 
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circuitry that supports active hunting. These two functions are not mutually exclusive, as both fear-related 

vigilance and predatory motivation would have been adaptive for dogs living more independently from 

humans, where survival depended on the ability to detect threats and capture prey. 

Modern breed dogs, by contrast, have evolved to be deeply integrated into human society, where 

survival requires reduced fearfulness and where food is provisioned rather than hunted. Humans may 

also have directly selected against fight-or-flight and predatory behaviors in modern breeds, particularly in 

working dogs where such behaviors can conflict with work goals. Notably, portions of the hypothalamus, 

which is centrally involved in fight-or-flight processing, were also reduced in modern breed dogs. This 

dual pattern of cortical expansion linked to trainability and amygdala reduction linked to decreased fear 

and possibly decreased predatory drive is remarkably consistent with neural changes observed in 

domesticated rabbits (Brusini et al., 2018) suggesting that similar selective pressures may produce 

convergent patterns of brain reorganization across domesticated species. Together, these findings 

challenge the long-standing view that domestication consistently involves reductions in brain size and 

cognitive capacity (Kruska, 1988). Rather, they suggest that the second phase of dog domestication has 

involved both increases in cortical volume and decreases in subcortical structures involved in fear and 

predation, a pattern consistent with a dual-phase model of domestication in which early attenuation to the 

human socio-ecological niche is followed by additional adaptive changes supporting behavioral 

specialization for particular contexts within that niche (Tancredi & Cardinali, 2023). 

This study has several limitations that should be acknowledged. The premodern dog sample was 

small (n = 13), reflecting the inherent difficulty of obtaining MRI data from village dogs, ancient breeds, 

and other premodern populations. Phylogenetic analyses were underpowered due to limited genomic 

data for many of the premodern breeds in the sample, and future work would benefit from genome 

sequencing of these populations. Behavioral scores were owner-reported, which introduces potential 

inaccuracy, although the significant correlations between owner-reported behavior and brain anatomy 

provide some reassurance that the C-BARQ is capturing meaningful variation. Additionally, only gray 

matter was examined in this chapter, leaving open the question of whether modern breed and premodern 

dogs also differ in white matter organization, which Chapter 5 addresses directly. Finally, because some 
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of the modern breed dogs in the sample were enrolled in working dog training programs, it remains 

possible that experiential differences between modern and premodern dogs account for a portion of the 

observed neuroanatomical variation. However, the convergence with prior breed-level analyses (Hecht et 

al., 2021a) and the presence of brain-behavior associations in both working and nonworking individuals 

argues against a purely experiential explanation. Future work should pair brain imaging with direct 

behavioral experiments measuring learning speed from human instructors and should aim to recruit a 

broader sample of premodern dogs, in order to more precisely test the hypothesis that selection on social 

learning ability is sufficient to drive cortical expansion and the cascade of neural changes that accompany 

it. 

7.2.4 Chapter 5 Summary 

Chapter 5 asked whether the gray matter differences between modern breed and premodern 

dogs documented in Chapter 3 are accompanied by corresponding differences in white matter 

organization, and whether those white matter differences are likewise associated with trainability. Using 

tract-based spatial statistics (TBSS)  and whole-brain probabilistic tractography with graph-theoretical 

analyses on diffusion-weighted MRI from 52 dogs (29 modern breed and 23 premodern), I found that 

modern breed dogs exhibit significantly greater fractional anisotropy (FA) across large, distributed clusters 

spanning cerebral white matter as well as thalamic and midbrain regions, with no regions showing greater 

FA in premodern dogs. FA within these modern-enriched clusters positively predicted individual C-BARQ 

trainability scores. At the network level, modern breed dogs exhibited reduced weighted clustering 

coefficients, distinct community organization including an independent cerebellar-collicular module not 

found in premodern dogs, and increased cortical hub prominence, particularly in frontal and parietal 

regions. Premodern dogs, by contrast, showed greater relative subcortical connectivity and unique 

subcortical hubs. Together, these findings indicate that recent artificial selection for trainability is 

associated with large-scale reorganization of the canine connectome, and that even over short 

evolutionary timescales within a single species (roughly 80 generations), selection on behavior can 

substantially reshape structural brain connectivity. 
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These white matter findings complement and extend the gray matter results of Chapter 4 in 

several ways that are relevant to understanding brain evolution. Perhaps most importantly, the network 

analyses revealed that larger-brained modern breed dogs have a more modular connectome than 

smaller-brained premodern dogs, with eight network communities compared to seven in premodern dogs. 

This shift toward greater modularity with increasing brain size is consistent with established scaling 

principles in comparative neuroscience, as the connectome becomes progressively more modular as 

brain volume increases (Puxeddu et al., 2024). As brains grow larger, total white matter volume increases 

but scales sublinearly relative to the expansion of the cerebral cortex (Ardesch et al., 2022), imposing 

constraints on long-range connectivity that favor the development of  (more segregated, locally clustered 

network architectures. A similar process likely occurred during hominin brain evolution, as the threefold 

increase in brain size from early australopiths to modern humans would have been accompanied by 

predictable shifts in network organization, with long-range connections becoming relatively sparser and 

the brain becoming increasingly partitioned into functionally specialized modules. 

One particularly striking feature of the modularity results is the emergence in modern breed dogs 

of a distinct cerebellar-collicular community that is not segregated as an independent module in 

premodern dogs. In premodern dogs, the cerebellum, superior colliculus, and inferior colliculus are 

integrated into other network communities, whereas in modern dogs these structures form their own 

separate module. This suggests that the cerebellum becomes more functionally independent as brain size 

increases, which has direct relevance to hypotheses about cerebellar involvement in hominin cognitive 

evolution. The human cerebellum expanded and became more rounded during the evolution of 

anatomically modern Homo sapiens (Neubauer et al., 2009), and there is growing recognition that the 

cerebellum contributes to cognitive functions well beyond motor coordination, including language, working 

memory, and social cognition (Stoodley & Schmahmann, 2018). The dog data suggest that increased 

cerebellar independence from the rest of the connectome may be a predictable consequence of brain 

scaling, and that this reorganization may have created new computational possibilities as the hominin 

brain enlarged. 
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The FA findings provide further insight into how white matter microstructure changes with brain 

scaling and selection. Modern breed dogs showed significantly greater FA across widespread cerebral 

white matter, with no regions showing greater FA in premodern dogs. Greater FA is commonly interpreted 

as reflecting increased axonal coherence, packing density, and myelination (Beaulieu, 2002). Myelination 

is energetically efficient for maintaining connectivity speed across the longer distances that characterize 

larger brains (Wang et al., 2008), and it is implicated in skill learning and performance in both humans 

and other animals  (Hecht, Pargeter, et al., 2023; Shimizu et al., 2023; Xin & Chan, 2020). These 

myelination differences may mean that dogs (and by analogy, hominins) with larger, more heavily 

myelinated brains may have been better equipped from the outset to learn complex behaviors efficiently. 

The fact that FA within modern-enriched clusters was significantly and positively correlated with individual 

trainability scores reinforces this interpretation, linking white matter microstructure directly to the ability to 

learn from humans.  

At the nodal level, the connectivity analyses revealed that regions showing the greatest increases 

in weighted degree in premodern dogs were predominantly subcortical, including the cerebellum, superior 

colliculus, inferior colliculus, and geniculate nuclei. Modern breed dogs, by contrast, showed the greatest 

connectivity increases in cortical regions, particularly frontal areas including the pregenual and prorean 

gyri, as well as parietal and sensorimotor cortex. The anterior composite gyrus, a frontal region that acts 

as a transitional hub integrating sensory, motor, and motivational processes (Kosmal et al., 1984), was 

also highly connected and expanded in larger brains, and warrants further investigation as a potentially 

important node in the reorganization of the canine connectome under selection for trainability. These 

nodal results converge with the Chapter 4 gray matter findings and with the broader argument of this 

dissertation, that selection for social learning drives a reallocation of neural resources from subcortical to 

cortical systems, and that this shift is accompanied by corresponding changes in structural connectivity. 

This chapter has several strengths compared to Chapter 4. The sample was larger (52 dogs 

compared to 85 in Chapter 3, but with a substantially more balanced group composition of 29 modern 

breed and 23 premodern dogs, compared to 72 and 13), and the premodern sample was more diverse, 

including village dogs from multiple continents as well as a wider range of ancient breeds. The 
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convergence between the white matter results reported here and the gray matter results of Chapter 4 

strengthens the overall argument that modern breed and premodern dogs differ systematically in brain 

organization, and that these differences are associated with trainability. The use of three complementary 

analytical approaches, TBSS and graph-theoretical network analysis, provides converging evidence from 

different levels of white matter organization. 

The study also has limitations. The modern breed sample was heavily weighted toward breeds 

historically bred for work rather than companionship and was less diverse than the premodern sample. If 

working dogs specifically, rather than modern breeds as a whole, prove to have relatively larger brains, 

this would strengthen rather than undermine the social learning hypothesis, as it would indicate that the 

lineages subject to the most intensive selection for acquiring behaviors from human instructors exhibit the 

greatest degree of neural divergence. Nonetheless, future work should include a broader range of 

modern breeds to determine how generalizable these findings are. Additionally, the cross-sectional design 

of this study cannot determine the extent to which the observed white matter differences reflect heritable 

variation versus experience-dependent plasticity, although both modern breed and premodern dogs lived 

in human households, with some undergoing training for sports or work. Future research should 

investigate how global white matter architecture changes with scaling and selection in greater detail, 

ideally in longitudinal designs that can track the development of these connectivity patterns over time. 

7.2.5 Chapter 6 Summary 

Chapters 3 and 4 established that modern breed and premodern dogs differ substantially in both 

gray and white matter organization, but those comparisons alone cannot reveal the source of the 

differences—whether they reflect evolved, heritable traits or experience-dependent plasticity. To 

investigate the potential roles of heritable adaptations and acquired plastic change in canine brain 

organization, I used voxel-based morphometry on T2-weighted MRI images from 63 Labrador retrievers 

drawn from five groups that vary systematically in breeding lineage and training experience: hunting dogs 

and scent detection dogs from a hunting breeding lineage, service dogs and released service dogs from a 

service breeding lineage, and companion dogs bred for companionship and/or conformation. This within-

breed design holds broad genetic variation roughly constant while allowing breeding lineage and 
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occupational experience to vary independently. I found that all three working groups (hunting, scent 

detection, and service dogs) showed gray matter expansion in the prorean gyrus and anterior composite 

gyrus relative to released service dogs, suggesting a shared, domain-general neural substrate for the 

acquisition of complex learned behaviors. Superimposed on this shared foundation, each working group 

showed focal expansions in regions plausibly related to its specific training demands, with scent detection 

dogs showing the most widespread differences, including expansion of multisensory cortex, association 

cortex, cingulate gyrus, and cerebellum, and hunting dogs showing expansion in the hippocampus and 

caudate nucleus. Critically, non-working companion dogs and released service dogs, who share the 

experience of living as household pets but come from different breeding lineages, did not differ 

significantly in regional gray matter volume. This pattern of results suggests that, within a single modern 

breed, experience-dependent plasticity contributes more to neuroanatomical variation than breeding 

lineage alone, and that over the short evolutionary timescales separating these lineages (approximately 

20–30 generations for the hunting/companion split dating to the 1960s, and 15–20 generations for the 

service lineage dating to the 1980s), selection may have favored increased neuroplasticity rather than 

canalized, hardwired specialization for particular skills. 

The most striking finding of Chapter 5, and the one with the clearest implications for 

understanding human brain evolution, is that neuroanatomical variation within Labrador retrievers 

appears to be shaped more by lived experience than by breeding lineage. The critical comparison is 

between released service dogs and companion dogs, two groups that share the experience of living as 

non-working household pets but come from different breeding lineages (one selected for service work, the 

other for conformation and companionship). Despite their distinct selective histories, these two groups did 

not differ significantly in regional gray matter volume. By contrast, dogs that differed in training experience 

but came from the same lineage, such as service dogs versus released service dogs, or hunting dogs 

versus scent detection dogs, showed significant neuroanatomical differences. This pattern indicates that, 

over the relatively short evolutionary timescale separating these breeding lineages, selection has not 

produced detectable canalized differences in gray matter morphology. Instead, the brain appears to rely 

on experience-dependent plasticity to produce the neural specializations associated with particular 

working roles. 
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This result must be reconciled with the findings of Chapters 4 and 5, which documented 

substantial and likely heritable brain differences between modern breed and premodern dogs. The key 

distinction is timescale. Modern breed dogs are the product of approximately two centuries of intense 

artificial selection (Worboys et al., 2018), representing roughly 65–100 generations of directed breeding. 

Over this interval, selection has had sufficient time to produce heritable changes in both gray matter 

(Chapter 4) and white matter (Chapter 5) organization, including widespread cortical expansion, 

subcortical contraction, increased fractional anisotropy, and altered network topology. Within the Labrador 

retriever, however, the divergence between hunting and service lineages spans a much shorter period, on 

the order of 15–30 generations, and involves selection on more specific behavioral phenotypes rather 

than broad cognitive traits like trainability. Over this shorter timescale, it appears that selection has 

favored brains that are highly responsive to experience rather than brains that are hardwired for any 

particular skill. Service dogs are an especially informative case in this regard, because they perform jobs 

that are historically novel, with no deep selection history for the specific tasks they are trained to do. The 

fact that service dogs show the same prefrontal expansion as hunting dogs, a group with a far longer 

selection history for its working role, suggests that this prefrontal signature reflects the general demands 

of learning complex behaviors from humans, rather than the canalization of any specific skill set. 

Superimposed on this domain-general prefrontal foundation, the scent detection and hunting 

groups showed focal expansions in cortical regions that are plausibly related to the specific sensory and 

cognitive demands of their trained roles. This suggests that the neural architecture for skilled behavior in 

dogs consists of two tiers. There is a shared, domain-general infrastructure centered on prefrontal and 

frontal association cortex that supports the general capacity to learn from humans, and on top of this, 

domain-specific plastic adaptations emerge in the cortical regions most relevant to a particular skill. This 

two-tiered architecture has a parallel in the human literature on skill learning. Paleolithic stone toolmaking 

training produces structural remodeling in frontoparietal regions and neural changes associated with one 

type of toolmaking generalized to improved performance on a different, untrained toolmaking task (Hecht, 

Pargeter, et al., 2023). This suggests that selection for one complex skill can produce neural substrates 

that transfer to the acquisition of other skills, a principle that the dog data supports, given that all three 

working groups share a common prefrontal expansion despite being trained for entirely different tasks. 
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Among the three working groups, scent detection dogs showed the most widespread 

neuroanatomical differences relative to released service dogs, with expansions spanning multisensory 

cortex, association cortex, cingulate gyrus, inferior colliculus, and cerebellum. This may reflect the 

particular intensity and diversity of scent detection training programs, which require dogs to discriminate 

among many different target odors, search across varied environments, and sustain focus over extended 

periods. Furthermore, they receive fitness cross-training, which may further shape their brains. The 

breadth of cortical regions affected in scent detection dogs is consistent with the interpretation that more 

demanding and multifaceted training regimes produce more extensive experience-dependent plasticity. 

Although speculative, these findings may be interpreted in light of a longstanding theoretical 

framework in evolutionary biology known as the Baldwin effect (Baldwin, 1896). The Baldwin effect 

proposes that behaviors initially acquired through individual learning can, over evolutionary time, become 

genetically canalized if the same learning challenge persists across generations (Sznajder et al., 2012). In 

the early phase of this process, individuals succeed through plasticity alone, and selection favors those 

who learn most readily. If the selective environment remains stable, a later phase may involve the genetic 

canalization of initially plastic traits, such that behaviors that once required extensive learning become 

more readily or automatically expressed (Baldwin, 1896). The pattern observed in service dogs, where 

plastic neural changes associated with skilled performance are present but no canalized lineage-specific 

differences are detectable, may represent the early phase of this process. Service dogs have been bred 

for their current role for only a few decades, which may be insufficient time for canalization to have 

occurred. By contrast, the heritable brain differences between modern breed and premodern dogs 

documented in Chapters 4 and 5 may represent a more advanced phase of the Baldwin effect, in which 

traits that were initially acquired through learning have become at least partially canalized over centuries 

of sustained selection. Dogs in novel working roles, such as service dogs, therapy dogs, and medical 

detection dogs, are ideal subjects for investigating this process longitudinally, as they allow researchers to 

observe in real time how the brain responds to new behavioral demands before canalization has had the 

opportunity to occur. 
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More broadly, Chapter 6 demonstrates that dogs are a valuable model for studying the interplay 

between inherited and acquired neural adaptations, a question that is exceptionally difficult to address in 

humans. In our own species, prolonged postnatal development and extensive adaptations for plasticity 

make it nearly impossible to determine which aspects of brain organization are genetically specified and 

which are sculpted by experience (Sherwood & Gómez-Robles, 2017). The dog system, in which 

breeding lineage and training experience can be partially dissociated within a single breed, offers a 

tractable alternative for investigating these questions. The present results suggest that, at least over short 

evolutionary timescales, selection for complex skilled behavior favors increased neuroplasticity rather 

than the canalization of specific innate abilities. This is consistent with a model of hominin cognitive 

evolution in which the expansion of the human brain created a more plastic neural substrate that was 

then shaped by culturally transmitted learning environments, rather than one in which each cognitive 

capacity evolved its own dedicated neural module. 

This chapter has several limitations. Only gray matter was examined, and future work should 

apply the white matter methods used in Chapter 4 to this within-breed design to determine whether 

connectivity patterns also track training experience more closely than breeding lineage. Resting-state 

functional connectivity would be a particularly valuable complement, especially for the companion and 

released service dog comparison, where no structural gray matter differences were found. Functional 

differences between these groups could reveal lineage-related variation in neural organization that is not 

apparent at the level of regional gray matter volume. The cross-sectional design cannot establish the 

temporal sequence by which training produced the observed differences, and longitudinal studies 

following dogs before, during, and after specialized training will be important for understanding how 

quickly these neuroanatomical changes emerge and whether they persist. Future work should integrate 

longitudinal neuroimaging with behavioral testing and genetic data to more precisely characterize how 

inherited predispositions interact with training to shape brain development over time, and should 

investigate whether the expanded cortical regions identified here are predictive of actual task 

performance. Dogs in novel working roles, where selection histories are short and behavioral demands 

are well characterized, offer a particularly promising avenue for tracking how the Baldwin effect unfolds in 

a living system. 
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7.3 Conclusions, Limitations, and Future Directions 

Viewed as a whole, the five chapters of this dissertation demonstrate that the domestic dog is an 

especially informative model system for investigating principles of brain evolution that are directly relevant 

to the hominin lineage but otherwise inaccessible. Chapter 2 established that selection on skull shape can 

reorganize regional gray matter volume, providing proof of concept that non-neural skeletal selection 

pressures, such as those operating on facial and cranial morphology during hominin evolution, can 

propagate to the brain. Chapter 3 demonstrated that structural lateralization in the dog brain is 

widespread but does not scale with brain size, suggesting that hemispheric specialization can evolve 

independently of encephalization and may instead be linked to selection for complex, skilled behaviors. 

Chapters 4 and 5 provided convergent gray matter and white matter evidence that selection for social 

learning ability (trainability) is associated with cortical expansion, subcortical contraction, increased 

myelination, and large-scale reorganization of the connectome, supporting the hypothesis that selection 

on the ability to learn from social partners can drive the kind of concerted brain reorganization observed in 

the hominin fossil record. Chapter 6 showed that, within a single breed over shorter evolutionary 

timescales, experience-dependent plasticity rather than genetic canalization accounts for the 

neuroanatomical differences between dogs trained for different working roles, suggesting that selection 

may initially favor increased neuroplasticity, with canalization of specific traits emerging only after 

sustained directional selection over longer periods. Across all five chapters, the regions most consistently 

implicated in behavioral differences were cortical, and prefrontal regions in particular emerged as a 

recurring locus of both heritable and plastic adaptation, reinforcing the centrality of cortical association 

areas in the evolution of complex, socially learned behaviors. 

Despite the strengths of the domestic dog as a comparative model, several overarching 

limitations of this dissertation should be acknowledged. First, and perhaps most importantly, this 

dissertation does not include genetic data. Throughout Chapters 4, 5, and 6, I have drawn inferences 

about heritability and selection based on comparisons between lineages with different selective histories, 

but without direct genomic information, these inferences remain indirect. I have collected genetic samples 

from many of the dogs in these studies, and incorporating genomic data in future analyses will be an 
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important step toward identifying specific genetic variants associated with the neuroanatomical and 

behavioral traits described here, quantifying the heritability of these traits more precisely, and testing for 

signatures of selection at the molecular level. 

Second, domestic dogs are phylogenetically distant from humans, with a last common ancestor 

approximately 94 million years ago (Kumar et al., 2022). While this distance is part of what makes 

convergent findings between dogs and humans so striking, it also means that homologies between 

canine and human brain regions are sometimes uncertain, and that similar behavioral phenotypes may be 

supported by partially different neural mechanisms in the two species. Furthermore, dogs evolved to 

interact with heterospecific social partners (humans) rather than conspecifics, and this difference in the 

social context of learning may affect brain-behavior relationships in ways that limit direct translation to the 

hominin case. That said, the fact that selection for learning from social partners produces cortical 

expansion in dogs just as it appears to have done in the hominin lineage suggests that there are general 

principles at work that transcend the specific phylogenetic context in which they operate. 

Third, the data analyzed in Chapters 1 and 2 came from an opportunistic sample of dogs who had 

been referred to a veterinary teaching hospital for suspected neurological issues but were subsequently 

not diagnosed with a neurological disorder. While these dogs were cleared of gross neurological 

pathology, it remains possible that subclinical abnormalities could have influenced the results. In future 

work, I plan to replicate and extend these analyses using the large, high-quality dataset of neurologically 

healthy dogs that I have since collected at Harvard, which would provide a stronger foundation for the 

skull-brain and asymmetry findings. 

Fourth, the behavioral data used in Chapters 3 and 5 were derived from owner-reported 

questionnaires (C-BARQ), which are subject to the biases and limitations inherent in any subjective rating 

system. Owners may overestimate or underestimate their dogs' abilities, and the ecological validity of 

questionnaire-based behavioral phenotyping remains an open question. The significant correlations 

between owner-reported behavior and brain anatomy observed in Chapters 3 and 4 provide some 

reassurance that the C-BARQ is capturing meaningful variation, but future work should supplement owner 

reports with direct behavioral testing, including standardized assessments of learning speed, social 
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responsiveness, and task performance, to more rigorously characterize the behavioral phenotypes 

associated with neuroanatomical variation. 

Fifth, although each chapter of this dissertation isolates a different axis of variation, the studies 

are cross-sectional in design and therefore cannot establish causal or temporal relationships between the 

variables examined. Longitudinal studies that track brain development before, during, and after training 

would be invaluable for determining how quickly experience-dependent changes emerge, whether they 

persist after training ceases, and whether heritable differences become more apparent at certain 

developmental stages. 

Looking forward, several directions for future research emerge from this work. The most 

immediate priority is the integration of genomic data with neuroimaging and behavioral phenotyping. 

Genome-wide association studies and polygenic score analyses, applied to the dogs in these datasets, 

could identify genetic loci associated with cortical expansion, trainability, and other traits of interest, and 

could test whether the same genetic variants that distinguish modern breed from premodern dogs also 

contribute to within-breed variation in brain organization and behavior. Future work should also extend the 

within-breed design of Chapter 6 to other breeds so that heritable adaptations can be studied in more 

depth. Some particularly promising candidate breeds include German Shepherds, which have distinct 

protection, herding, and assistance lineages, and Border Collies, whose working populations have 

diverged into herding and agility lineages. Finally, the comparative framework developed in this 

dissertation could be extended to other domesticated species. Horses, for example, have been selectively 

bred into distinct populations for racing, dressage, draft work, and other roles, each involving different 

behavioral demands and different training regimes, and equine neuroimaging infrastructure is increasingly 

available (Johnson et al., 2019). Such extensions would test whether the principles identified here, such 

as the link between social learning and cortical expansion, the two-tiered architecture of domain-general 

and domain-specific neural plasticity, and the role of brain scaling in producing cascading neural changes, 

are general features of how mammalian brains evolve in response to selection on behavior or whether 

they are specific to the canine case. 
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Appendix  

 

Supplemental Figure 25. Asymmetrical regions of gray matter volume in domestic dogs in network 1, 

previously identified by Hecht and colleagues (2019). Regions in blue are present in the left but not the 

right hemisphere. Regions in red are present in the right but not the left hemisphere. Regions in yellow 

are symmetric across both hemispheres. Asymmetrical regions are all p < 0.05 after correction for 

multiple comparisons. 
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Supplemental Figure 26. Asymmetrical regions of gray matter volume in domestic dogs in network 2, 

which was previously identified by Hecht and colleagues (2019). Regions in blue are present in the left 

but not the right hemisphere. Regions in red are present in the right but not the left hemisphere. Regions 

in yellow are symmetric across both hemispheres. Asymmetrical regions are all p < 0.05 after correction 

for multiple comparisons. 
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Supplemental Figure 27. Asymmetrical regions of gray matter volume in domestic dogs in network 3, 

previously identified by Hecht and colleagues (2019). Regions in blue are present in the left but not the 

right hemisphere. Regions in red are present in the right but not the left hemisphere. Regions in yellow 

are symmetric across both hemispheres. Asymmetrical regions are all p < 0.05 after correction for 

multiple comparisons. 
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Supplemental Figure 28. Asymmetrical regions of gray matter volume in domestic dogs in network 4, 

previously identified by Hecht and colleagues (2019). Regions in blue are present in the left but not the 

right hemisphere. Regions in red are present in the right but not the left hemisphere. Regions in yellow 

are symmetric across both hemispheres. Asymmetrical regions are all p < 0.05 after correction for 

multiple comparisons. 
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Supplemental Figure 29. Asymmetrical regions of gray matter volume in domestic dogs in network 5, 

previously identified by Hecht and colleagues (2019). Regions in blue are present in the left but not the 

right hemisphere. Regions in red are present in the right but not the left hemisphere. Regions in yellow 

are symmetric across both hemispheres. Asymmetrical regions are all p < 0.05 after correction for 

multiple comparisons. 
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Supplemental Figure 30. Asymmetrical regions of gray matter volume in domestic dogs in network 6, 

previously identified by Hecht and colleagues (2019). Regions in blue are present in the left but not the 

right hemisphere. Regions in red are present in the right but not the left hemisphere. Regions in yellow 

are symmetric across both hemispheres. Asymmetrical regions are all p < 0.05 after correction for 

multiple comparisons. 
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Supplemental Figure 31. Effects plots for the generalized linear model created to test the effects of brain 

volume, age, sex, and breed group on the asymmetry of cluster 1. 
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Supplemental Figure 32. Effects plots for the generalized linear model created to test the effects of brain 

volume, age, sex, and breed group on the asymmetry of cluster 2. 

 

 

 

 

 

 

 

 



130 

 

 

Supplemental Figure 33.  Effects plots for the generalized linear model created to test the effects of 

brain volume, age, sex, and breed group on the asymmetry of cluster 3. 
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Supplemental Figure 34. Effects plots for the generalized linear model created to test the effects of brain 

volume, age, sex, and breed group on the asymmetry of cluster 4. 
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Supplemental Figure 35. Effects plots for the generalized linear model created to test the effects of brain 

volume, age, sex, and breed group on the asymmetry of cluster 5. 
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Supplemental Figure 36. Effects plots for the generalized linear model created to test the effects of brain 

volume, age, sex, and breed group on the asymmetry of cluster 6. 
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Supplemental Figure 37. Effects plots for the generalized linear model created to test the effects of brain 

volume, age, sex, and breed group on the asymmetry of cluster 7. 
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Supplemental Figure 38. Significantly enlarge regions of gray matter volume in modern breed dogs 

compared to premodern dogs (blue) and significantly enlarged regions of gray matter volume in 

premodern compared to modern breed dogs (red). Colored regions are all p < 0.05 after correction 

for multiple comparisons; t-statistic values are illustrated. Results displayed on the canine brain atlas 

created by Johnson et al. (2020).  

 

Supplemental Figure 39. Brain regions that are significantly and positively associated with brain 

size (light blue) and significantly and negatively associated with brain size (orange). Colored regions 
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are all p < 0.05 after correction for multiple comparisons; t-statistic values are illustrated. Results 

displayed on the canine brain atlas created by Johnson et al. (2020). 

 

Supplemental Figure 40. Significantly enlarged brain regions in modern breed dogs compared to 

premodern dogs, after controlling for brain weight. Colored regions are all p < 0.05 after correction 

for multiple comparisons; t-statistic values are illustrated. Results displayed on the canine brain atlas 

created by Johnson et al. (2020). 

 

# Name Ancestry Breed/Type Sex Age Working or 
Sporting 
Activities 

1 Jack Modern 
Breed 

Labrador 
Retriever 

Male 6.4 Hunting 
Fowl 

2 Dima Modern 
Breed 

Border 
Collie 

Female 2.3 None 

3 Sophie Modern 
Breed 

Border 
Collie 

Female 2.4 Herding 
Livestock 

4 Raven Pre-
Modern 

West 
Siberian 
Laika 

Female 2 Barn Hunt 

5 Louise Modern 
Breed 

Labrador 
Retriever 

Female 3.8 Hunting 
Fowl 

6 Hope Modern 
Breed 

Labrador 
Retriever 

Female 0.6 Service 
Work 
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7 Jojo Modern 
Breed 

Labrador 
Retriever 

Female 0.6 Service 
Work 

8 Pochacco Pre-
Modern 

Samoyed Male 3.6 Rally, Barn 
Hunt 

9 Otis Modern 
Breed 

Labrador 
Retriever 

Male 0.6 Service 
Work 

10 Harley Modern 
Breed 

Labrador 
Retriever 

Male 1.3 Service 
Work 

11 Westley Modern 
Breed 

Labrador 
Retriever 

Male 1.3 Service 
Work 

12 Lenna Modern 
Breed 

Border 
Collie 

Female 7 Herding 
Livestock 

13 Luna Modern 
Breed 

Labrador 
Retriever 

Female 3.1 None 

14 Keji Modern 
Breed 

Sprint 
Racing 
Alaskan 
Sled 

Male 3.7 Sprint Sled 
Dog 
Racing 

15 Kopi Pre-
Modern 

New 
Guinea 
Singing Dog 

Female 1.5 Barn Hunt 

16 Romain Modern 
Breed 

Sprint 
Racing 
Alaskan 
Sled 
Dog 

Male 7.8 Sprint Sled 
Dog 
Racing 

17 Chichy Modern 
Breed 

Labrador 
Retriever 

Female 3 Service 
Work 

18 Pasta Modern 
Breed 

Border 
Collie 

Male 2.08 Herding 
Livestock 

19 PJ Modern 
Breed 

Labrador 
Retriever 

Male 2.5 Service 
Work 

20 Cue Modern 
Breed 

Labrador 
Retriever 

Female 2.5 Service 
Work 

21 Kelley Modern 
Breed 

Labrador 
Retriever 

Male 2.5 Service 
Work 

22 Paisley Modern 
Breed 

Labrador 
Retriever 

Female 2.3 Service 
Work 

23 Tune Modern 
Breed 

Labrador 
Retriever 

Female 2.5 Service 
Work 

24 Arbor Modern 
Breed 

Labrador 
Retriever 

Female 2.6 Service 
Work 

25 Layla Modern 
Breed 

Labrador 
Retriever x 
Golden 
Retriever 

Female 2.4 Service 
Work 

26 Jeanette Modern 
Breed 

Labrador 
Retriever 

Female 1.5 Service 
Work 

27 Kelbi Modern 
Breed 

Labrador 
Retriever 

Male 2.6 Service 
Work 

28 Zucch Modern 
Breed 

Labrador 
Retriever 

Male 1.7 Service 
Work 

29 Odin Modern 
Breed 

Labrador 
Retriever 

Male 1.7 Service 
Work 
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30 Tiff Modern 
Breed 

Sprint 
Racing 
Alaskan 
Sled 
Dog 

Female 3.9 Sprint Sled 
Dog 
Racing 

31 Oona Pre-
Modern 

Siberian 
Husky 

Female 8 None 

32 Kaede Pre-
Modern 

Kishu Ken Male 2.8 Barn Hunt, 
Weight Pull 

33 Amalfi Modern 
Breed 

Labrador 
Retriever x 
Golden 
Retriever 

Female 2.2 Service 
Work 

34 Ramses Modern 
Breed 

Labrador 
Retriever 

Male 1.9 Service 
Work 

35 Mako Modern 
Breed 

Sprint 
Racing 
Alaskan 
Sled 
Dog 

Male 1.3 Sprint Sled 
Dog 
Racing 

36 Shark Modern 
Breed 

Spring 
Racing 
Alaskan 
Sled 
Dog 

Male 8.2 Sprint Sled 
Dog 
Racing 

37 Tok Modern 
Breed 

Sprint 
Racing 
Alaskan 
Sled 
Dog 

Male 3.2 Sprint Sled 
Dog 
Racing 

38 Vanda Modern 
Breed 

Border 
Collie 

Female 8.4 None 

39 Cap Modern 
Breed 

Border 
Collie 

Male 11 Herding 
Livestock 

40 Dude Modern 
Breed 

Labrador 
Retriever 

Male 1.1 Scent 
Detection 

41 Sage Modern 
Breed 

Labrador 
Retriever 

Female 1.1 Scent 
Detection 

42 Iris Modern 
Breed 

German 
Shepherd 

Female 2.3 Guide 
Work 

43 Julep Modern 
Breed 

German 
Shepherd 

Female 2.3 Guide 
Work 

44 Lulu Modern 
Breed 

German 
Shepherd 

Female 2.2 Guide 
Work 

45 Sakura Pre-
Modern 

Kishu Ken Female 1.8 Barn Hunt, 
Weight Pull 

46 Edgar Modern 
Breed 

Labrador 
Retriever 

Male 0.9 Scent 
Detection 

47 Jesse Modern 
Breed 

Labrador 
Retriever 

Male 0.9 Scent 
Detection 

48 Vauk Modern 
Breed 

Labrador 
Retriever 

Female 1.8 Scent 
Detection 

49 Levi Modern 
Breed 

German 
Shepherd 

Male 2.4 Guide 
Work 
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50 Parrow Modern 
Breed 

German 
Shepherd 

Male 2.3 Guide 
Work 

51 Raella Modern 
Breed 

German 
Shepherd 

Female 1.9 Guide 
Work 

52 Saber Modern 
Breed 

German 
Shepherd 

Male 1.9 Guide 
Work 

53 Buck Modern 
Breed 

German 
Shepherd 

Male 1.8 Protection 
Work, 
Service 
Work 

54 Dak Modern 
Breed 

German 
Shepherd 

Male 3.8 Protection 
Work 

55 Fern Modern 
Breed 

Border 
Collie 

Female 4.3 Herding 
Livestock 

56 Wren Modern 
Breed 

Border 
Collie 

Female 3.5 Herding 
Livestock 

57 Amadeus Modern 
Breed 

German 
Shepherd 

Male 5.8 Protection 
Work 

58 Pru Modern 
Breed 

German 
Shepherd 

Female 2.1 Protection 
Work 

59 Billy Modern 
Breed 

Labrador 
Retriever 

Male 8.8 Hunting 
Fowl 

60 Faren Modern 
Breed 

German 
Shepherd 

Female 4.8 Protection 
Work 

61 Tamsin Modern 
Breed 

American 
Pit 
Bull Terrier 
x 
Australian 
Shepherd x 
American 
Staffordshir
e 
Terrier x 
Labrador 
Retriever x 
Boxer x 
Rottweiler x 
American 
Bulldog x 
Bullmastiff x 
Boston 
Terrier 

Female 7.3 None 

62 Boston Modern 
Breed 

Labrador 
Retriever 

Female 1.7 Scent 
Detection 

63 Lambert Modern 
Breed 

Labrador 
Retriever 

Male 0.8 Scent 
Detection 

64 Mark Modern 
Breed 

Labrador 
Retriever 

Male 1.3 Scent 
Detection 

65 Blizzard Modern 
Breed 

Labrador 
Retriever 

Female 0.6 Rally 

66 Yelena Pre-
Modern 

Samoyed Female 1.4 None 
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67 Sugar Pre-
Modern 

Indian 
Village 
Dog 

Female 3.5 None 

68 Bono Modern 
Breed 

Labrador 
Retriever 

Male 0.6 Rally 

69 Argus Modern 
Breed 

Labrador 
Retriever 

Male 0.8 Scent 
Detection 

70 Joe Modern 
Breed 

Labrador 
Retriever 

Male 1.3 Scent 
Detection 

71 Rio Modern 
Breed 

Labrador 
Retriever 

Male 0.8 Scent 
Detection 

72 Max Modern 
Breed 

Labrador 
Retriever 

Male 1.8 None 

73 Polka Modern 
Breed 

Labrador 
Retriever 

Female 4.4 None 

74 Ryan Modern 
Breed 

Labrador 
Retriever 

Male 5.2 None 

75 Sophie Modern 
Breed 

Labrador 
Retriever 

Female 1.3 None 

76 Milktea Pre-
Modern 

Shiba Inu Female 3.3 None 

77 Caroline Modern 
Breed 

Labrador 
Retriever 

Female 5.7 None 

78 Daisy Modern 
Breed 

Labrador 
Retriever 

Female 4.7 None 

79 Sally Modern 
Breed 

Labrador 
Retriever 

Female 3.7 None 

80 Coco Modern 
Breed 

Labrador 
Retriever 

Female 4 None 

81 Joseph Modern 
Breed 

Labrador 
Retriever 

Male 2.5 None 

82 Tatanka Pre-
Modern 

Siberian 
Husky 

Male 2.9 None 

83 Tuktuk Pre-
Modern 

Siberian 
Husky 

Male 5.8 None 

84 Jade Pre-
Modern 

Korean 
Village 
Dog 

Female 8.8 Agility 

85 Zeeba Pre-
Modern 

Saluki Male 8.6 None 

Supplemental Table 16. Demographic data for all subjects in the study. 

Cluster Index Voxels Maximum T-statistic x y z 

1 2976000 5.99 22 69 59 

  5.92 19 72 52 

  5.82 34 92 79 
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  5.34 81 70 30 

  5.32 93 109 76 

  5.31 104 90 75 

Supplemental Table 17. Coordinates of significant voxels associated with expansion in modern 

breed dogs 23 compared to pre-modern dogs (Figure 11). Aligned with the canine brain atlas 

created by Johnson et al. (2020). 

Cluster 

Index 

Voxels Maximum T-

statistic 

x y z 

1 2976000 6.4 87 104 17 

  5.85 45 99 16 

  5.83 82 87 19 

  5.81 38 103 14 

  5.57 79 99 19 

  5.42 40 106 44 

Supplemental Table 18. Coordinates of significant voxels associated with expansion in pre-modern 

dogs 27 compared to modern breed dogs (Figure 12). Aligned with the canine brain atlas created by 

28 Johnson et al. (2020). 

 

 

Cluster Index Voxels Maximum T-statistic x y z 

8 75210 6.5 22 72 66 

  6.5 22 72 66 

  6.47 25 100 71 

  6.22 21 69 61 

  6.21 42 53 85 

  6.19 18 72 49 

  5.82 52 62 61 

7 33180 7.22 82 87 87 
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  7.22 82 87 87 

  5.98 90 52 83 

  5.92 86 51 84 

  5.53 101 89 74 

  4.87 71 31 73 

  4.6 100 72 67 

6 2932 4.53 57 117 42 

  4.53 57 117 42 

  4.35 68 117 38 

  2.58 66 126 44 

  2.35 46 112 54 

5 1179 4.68 79 116 26 

  4.68 79 116 26 

  4.32 78 114 31 

  4.32 78 116 30 

  3.84 72 98 29 

  3.58 73 102 27 

  3.57 72 106 26 

4 940 4.93 82 73 29 

  4.93 82 73 29 

  4.87 82 75 28 

  4.15 82 75 31 

  4.05 86 78 27 

3 554 5.31 77 136 58 

  5.31 77 136 58 

  4.11 79 131 50 

2 210 3.12 96 114 53 

1 5 2.72 65 129 44 

Supplemental Table 19. Coordinates of significant voxels positively associated with brain weight 

(see Figure 13). Aligned with the canine brain atlas created by Johnson et al. (2020). 

Cluster Index Voxels Maximum T-statistic x y z 

8 75210 6.5 22 72 66 

  6.5 22 72 66 

  6.47 25 100 71 

  6.22 21 69 61 

  6.21 42 53 85 

  6.19 18 72 49 

  5.82 52 62 61 

7 33180 7.22 82 87 87 

  7.22 82 87 87 

  5.98 90 52 83 

  5.92 86 51 84 

  5.53 101 89 74 

  4.87 71 31 73 

  4.6 100 72 67 

6 2932 4.53 57 117 42 

  4.53 57 117 42 

  4.35 68 117 38 

  2.58 66 126 44 

  2.35 46 112 54 

5 1179 4.68 79 116 26 

  4.68 79 116 26 

  4.32 78 114 31 

  4.32 78 116 30 

  3.84 72 98 29 

  3.58 73 102 27 
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  3.57 72 106 26 

4 940 4.93 82 73 29 

  4.93 82 73 29 

  4.87 82 75 28 

  4.15 82 75 31 

  4.05 86 78 27 

3 554 5.31 77 136 58 

  5.31 77 136 58 

  4.11 79 131 50 

2 210 3.12 96 114 53 

1 5 2.72 65 129 44 

Supplemental Table 20. Coordinates of significant voxels negatively associated with brain weight 

(Figure 13). 35 Aligned with the canine brain atlas created by Johnson et al. (2020). 

Cluster Index Voxels Maximum T-statistic x y z 

11 8977 7.21 83 100 10 

  7.13 91 103 18 

  6.49 90 82 17 

  5.8 93 91 26 

  4.44 83 122 28 

  3.62 82 106 44 

10 5583 6.16 32 96 9 

  6.06 42 99 11 

  5.69 33 83 17 

  5.22 39 86 14 

9 1743 8.03 60 86 36 

  6.95 62 94 31 

  5.28 61 107 41 

  4.97 60 72 43 

  4.93 64 106 45 

  4.37 66 102 45 

8 1087 4.66 76 24 38 

  4.64 70 23 50 

7 583 5.17 73 54 45 

  4.45 69 61 35 

  4.25 71 59 39 

  3.83 63 63 32 

  3.79 63 65 33 

  3.67 67 58 31 

6 342 4.66 86 47 23 

5 129 3.68 97 37 32 

4 111 4.86 53 56 46 

3 102 4.3 74 44 15 

2 56 3.65 87 28 32 

  3.64 87 29 30 

  3.54 87 30 28 

  3.5 88 27 36 

1 39 4.02 93 37 48 

Supplemental Table 21. Coordinates of significant voxels negatively associated with brain weight 

(Figure 13). 35 Aligned with the canine brain atlas created by Johnson et al. (2020). 

Cluster Index Voxels Maximum T-statistic x y z 

3 2139 4.81 93 110 77 

  4.8 85 112 75 

  4.53 94 113 78 
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  4.51 88 94 77 

  4.35 94 116 77 

  4.31 93 118 77 

2 132 4.91 79 150 39 

1 6 4.43 43 143 48 

Supplemental Table 22. Coordinates of significant voxels positively associated with expansion in 

modern breed 38 dogs compared to pre-modern dogs, after controlling for brain weight (Figure 14). 

Aligned with the 39 canine brain atlas created by Johnson et al. (2020). 

 

References 

Aiello, L. C., & Wheeler, P. (1995). The expensive-tissue hypothesis: the brain and the digestive 

system in human and primate evolution. Curr Anthropol 36, 199–221. 

Akey, J. M., Ruhe, A. L., Akey, D. T., Wong, A. K., Connelly, C. F., Madeoy, J., Nicholas, T. J., & Neff, 

M. W. (2010). Tracking footprints of artificial selection in the dog genome. Proceedings of 

the National Academy of Sciences, 107(3), 1160–1165. 

https://doi.org/10.1073/pnas.0909918107 

Alatorre Warren, J. L., Ponce De León, M. S., Hopkins, W. D., & Zollikofer, C. P. E. (2019). Evidence 

for independent brain and neurocranial reorganization during hominin evolution. 

Proceedings of the National Academy of Sciences, 116(44), 22115–22121. 

https://doi.org/10.1073/pnas.1905071116 

Alexander-Bloch, A., Giedd, J. N., & Bullmore, E. (2013). Imaging structural co-variance between 

human brain regions. Nat Rev Neurosci 14, 322–336. 

Almécija, S., Hammond, A. S., Thompson, N. E., Pugh, K. D., Moyà-Solà, S., & Alba, D. M. (2021). 

Fossil apes and human evolution. Science, 372(6542), eabb4363. 

https://doi.org/10.1126/science.abb4363 

Alvites, R., Caine, A., Cherubini, G. B., Prada, J., Varejão, A. S. P., & Maurício, A. C. (2023). The 

Olfactory Bulb in Companion Animals–Anatomy, Physiology, and Clinical Importance. Brain 

Sciences 13(5), 713. 

Andics, A., Gácsi, M., Faragó, T., Kis, A., & Miklósi Á (2014). Voice-sensitive regions in the dog and 

human brain are revealed by comparative fMRI. Curr Biol 24, 574–578. 

Andics, A., Gábor, A., Gácsi, M., Faragó, T., Szabó, D., & Miklósi, A. (2016). Neural mechanisms for 

lexical processing in dogs. Science 353, 1030–1032. 

Andics, A., & Miklósi Á (2018). Neural processes of vocal social perception: dog-human comparative 

fMRI studies. Neurosci Biobehav Rev 85, 54–64. 

Andreis, M. E., Polito, U., Veronesi, M. C., Faustini, M., Di Giancamillo, M., & Modina, S. C. (2018). 

Novel Contributions in Canine Craniometry: Anatomic and Radiographic Measurements in 

Newborn Puppies. PLoS ONE 13(5), e0196959. 

Ardesch, D. J., Scholtens, L. H., Li, L., Preuss, T. M., Rilling, J. K., & Van Den Heuvel, M. P. (2019). 

Evolutionary expansion of connectivity between multimodal association areas in the human 



145 

brain compared with chimpanzees. Proceedings of the National Academy of Sciences, 

116(14), 7101–7106. https://doi.org/10.1073/pnas.1818512116 

Ardesch, D. J., Scholtens, L. H., De Lange, S. C., Roumazeilles, L., Khrapitchev, A. A., Preuss, T. 

M., Rilling, J. K., Mars, R. B., & Van Den Heuvel, M. P. (2022). Scaling Principles of White 

Matter Connectivity in the Human and Nonhuman Primate Brain. Cerebral Cortex, 32(13), 

2831–2842. https://doi.org/10.1093/cercor/bhab384 

Avants, B. B., Tustison, N. J., Song, G., & Gee, J. C. (2009). ANTS: Advanced open-source 

normalization tools for neuroanatomy. Penn Image Computing and Science Laboratory 1–

35. 

Avants, B. B., Tustison, N. J., Wu, J., Cook, P. A., & Gee, J. C. (2011). An open source multivariate 

framework for n-tissue segmentation with evaluation on public data. Neuroinformatics 9, 

381–400. 

Avants, B. B., Tustison, N. J., Song, G., Cook, P. A., Klein, A., & Gee, J. C. (2011). A reproducible 

evaluation of ANTs similarity metric performance in brain image registration. NeuroImage, 

54(3), 2033–2044. https://doi.org/10.1016/j.neuroimage.2010.09.025 

Baldwin, J. M. (1896). A new factor in evolution. Diacronia, (7), A112/en. 

https://doi.org/10.17684/i7A112en 

Bálint, A., Szabó Á, Andics, A., & Gácsi, M. (2023). Dog and human neural sensitivity to 

voicelikeness: a comparative fMRI study. Neuroimage 265, 119791. 

Banaji, M. R., Gelman, S. A., & Banaji, M. R. (Eds.). (2013). Navigating the social world: What 

infants, children, and other species can teach us. Oxford University Press. 

https://doi.org/10.1093/acprof:oso/9780199890712.001.0001 

Bar-On, Y. M., Phillips, R., & Milo, R. (2018). The biomass distribution on earth. Proc Natl Acad Sci 

U S A 115, 6506–6511. 

Barbas, H., Saha, S., Rempel-Clower, N., & Ghashghaei, T. (2003). Serial pathways from primate 

prefrontal cortex to autonomic areas may influence emotional expression. BMC Neurosci 4, 

4–25. 

Barbeito-Andrés, J., Gonzalez, P. N., & Hallgrímsson, B. (2016). Prenatal Development of Skull and 

Brain in a Mouse Model of Growth Restriction. Revista Argentina de Antropología Biológica 

18(1), 1–13. 

Barron, H. C., Mars, R. B., Dupret, D., Lerch, J. P., & Sampaio-Baptista, C. (2021). Cross-species 

neuroscience: Closing the explanatory gap. Philosophical Transactions of the Royal Society 

B: Biological Sciences, 376(1815), 20190633. https://doi.org/10.1098/rstb.2019.0633 

Barton, S. A., Smaers, J. B., Serpell, J. A., & Hecht, E. E. (2025). Brain–Behavior Differences in 

Premodern and Modern Lineages of Domestic Dogs. The Journal of Neuroscience, 45(27), 

e2032242025. https://doi.org/10.1523/JNEUROSCI.2032-24.2025 

Beaulieu, C. (2002). The basis of anisotropic water diffusion in the nervous system – a technical 

review. NMR in Biomedicine, 15(7–8), 435–455. https://doi.org/10.1002/nbm.782 

Becker, Y., Claidière, N., Margiotoudi, K., Marie, D., Roth, M., Nazarian, B., Anton, J. L., Coulon, O., 

& Meguerditchian, A. (2022). Broca's cerebral asymmetry reflects gestural communication's 

lateralisation in monkeys (Papio anubis). Elife 11, e70521. 



146 

Becker, Y., & Meguerditchian, A. (2022). Structural brain asymmetries for language: a comparative 

approach across primates. Symmetry 14, 876. 

Behrens, T. E., Woolrich, M. W., Jenkinson, M., Johansen-Berg, H., Nunes, R. G., Clare, S., 

Matthews, P. M., Brady, J. M., & Smith, S. M. (2003). Characterization and propagation of 

uncertainty in diffusion-weighted MR imaging. Magn Reson Med 50, 1077–1088. 

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: a practical and powerful 

approach to multiple testing. J Roy Stat Soc Ser B (Methodol) 57, 289–300. 

Bergström, A., Stanton, D. W. G., Taron, U. H., Frantz, L., Sinding, M.-H. S., Ersmark, E., Pfrengle, 

S., Cassatt-Johnstone, M., Lebrasseur, O., Girdland-Flink, L., Fernandes, D. M., Ollivier, M., 

Speidel, L., Gopalakrishnan, S., Westbury, M. V., Ramos-Madrigal, J., Feuerborn, T. R., 

Reiter, E., Gretzinger, J., ... Skoglund, P. (2022). Grey wolf genomic history reveals a dual 

ancestry of dogs. Nature, 607(7918), 313–320. https://doi.org/10.1038/s41586-022-04824-9 

Besenbacher, S., Hvilsom, C., Marques-Bonet, T., Mailund, T., & Schierup, M. H. (2019). Direct 

estimation of mutations in great apes reconciles phylogenetic dating. Nature Ecology & 

Evolution, 3(2), 286–292. https://doi.org/10.1038/s41559-018-0778-x 

Bhattacharjee, D., & Bhadra, A. (2020). Humans Dominate the Social Interaction Networks of Urban 

Free-Ranging Dogs in India. Frontiers in Psychology, 11, 2153. 

https://doi.org/10.3389/fpsyg.2020.02153 

Bishop, D. V. M. (2013). Cerebral Asymmetry and Language Development: Cause, Correlate, or 

Consequence? Science, 340(6138), 1230531. https://doi.org/10.1126/science.1230531 

Boch, M., Wagner, I. C., Karl, S., Huber, L., & Lamm, C. (2023). Functionally analogous body- and 

animacy-responsive areas are present in the dog (Canis familiaris) and human occipito-

temporal lobe. Communications Biology, 6(1), 645. https://doi.org/10.1038/s42003-023-

05014-7 

Bogart, S. L., Mangin, J. F., Schapiro, S. J., Reamer, L., Bennett, A. J., Pierre, P. J., & Hopkins, W. 

D. (2012). Cortical sulci asymmetries in chimpanzees and macaques: a new look at an old 

idea. Neuroimage 61, 533–541. 

Bognár, Z., Iotchev, I. B., & Kubinyi, E. (2018). Sex, Skull Length, Breed, and Age Predict How Dogs 

Look at Faces of Humans and Conspecifics. Animal Cognition 21, 447–456. 

Bognár, Z., Szabó, D., Deés, A., & Kubinyi, E. (2021). Shorter headed dogs, visually cooperative 

breeds, younger and playful dogs form eye contact faster with an unfamiliar human. 

Scientific Reports, 11(1), 9293. https://doi.org/10.1038/s41598-021-88702-w 

Bolwig, N. (1964). Facial Expression in Primates With Remarks On a Parallel Development in 

Certain Carnivores (a Preliminary Report On Work in Progress). Behaviour, 22(3–4), 167–

192. https://doi.org/10.1163/156853964X00012 

Boros, M., Gábor, A., Szabó, D., Bozsik, A., Gácsi, M., Szalay, F., Faragó, T., & Andics, A. (2020). 

Repetition enhancement to voice identities in the dog brain. Sci Rep 10, 3989. 

Boros, M., Rácz, D. S., & Andics, A. (2025). Action instruction word processing in the dog brain 

entails both auditory form identification and meaning representation. NeuroImage, 318, 

121411. https://doi.org/10.1016/j.neuroimage.2025.121411 



147 

Boyd, R., Richerson, P. J., & Henrich, J. (2011). The cultural niche: Why social learning is essential 

for human adaptation. Proceedings of the National Academy of Sciences, 

108(supplement_2), 10918–10925. https://doi.org/10.1073/pnas.1100290108 

Boyko, A. R., et al. (2009). Complex population structure in African village dogs and its implications 

for inferring dog domestication history. Proc Natl Acad Sci U S A 106, 13903–13908. 

Boyko, R. H., & Boyko, A. R. (2014). Dog conservation and the population genetic structure of dogs. 

In: Free-ranging dogs and wildlife conservation (Gompper ME, ed), pp 185–210. Oxford, 

UK: Oxford University Press. 

Brandes, N., Weissbrod, O., & Linial, M. (2022). Open problems in human trait genetics. Genome 

Biology, 23(1), 131. https://doi.org/10.1186/s13059-022-02697-9 

Brassard, C., Merlin, M., Guintard, C., et al. (2020). Interrelations Between the Cranium, the 

Mandible and Muscle Architecture in Modern Domestic Dogs. Evolutionary Biology 47, 308–

324. 

Brassard, C., Bălăşescu, A., Arbogast, R.-M., Forest, V., Bemilli, C., Boroneanţ, A., Convertini, F., 

Gandelin, M., Radu, V., Fleming, P. A., Guintard, C., Kreplins, T. L., Callou, C., Filippo, A., 

Tresset, A., Cornette, R., Herrel, A., & Bréhard, S. (2022). Unexpected morphological 

diversity in ancient dogs compared to modern relatives. Proceedings of the Royal Society B: 

Biological Sciences, 289(1975), 20220147. https://doi.org/10.1098/rspb.2022.0147 

Bray, E. E., Levy, K. M., Kennedy, B. S., Duffy, D. L., Serpell, J. A., & MacLean, E. L. (2019). 

Predictive Models of Assistance Dog Training Outcomes Using the Canine Behavioral 

Assessment and Research Questionnaire and a Standardized Temperament Evaluation. 

Frontiers in Veterinary Science, 6, 49. https://doi.org/10.3389/fvets.2019.00049 

Bray, E. E., Gruen, M. E., Gnanadesikan, G. E., Horschler, D. J., Levy, K. M., Kennedy, B. S., Hare, 

B. A., & MacLean, E. L. (2021). Dog cognitive development: A longitudinal study across the 

first 2 years of life. Animal Cognition, 24(2), 311–328. https://doi.org/10.1007/s10071-020-

01443-7 

Bray, E. E., Otto, C. M., Udell, M. A. R., Hall, N. J., Johnston, A. M., & MacLean, E. L. (2021). 

Enhancing the Selection and Performance of Working Dogs. Frontiers in Veterinary 

Science, 8, 644431. https://doi.org/10.3389/fvets.2021.644431 

Broca, P. (1865). Sur le siège de la faculté du langage articulé. Bulletins de la Société 

d'anthropologie de Paris, 6(1), 377–393. https://doi.org/10.3406/bmsap.1865.9495 

Brown, C., & Magat, M. (2011). Cerebral lateralization determines hand preferences in Australian 

parrots. Biol Let 7, 496–498. 

Bruner, E. (2004). Geometric morphometrics and paleoneurology: Brain shape evolution in the 

genus Homo. Journal of Human Evolution, 47(5), 279–303. 

https://doi.org/10.1016/j.jhevol.2004.03.009 

Bruner, E., & Holloway, R. L. (2010). A bivariate approach to the widening of the frontal lobes in the 

genus Homo. Journal of Human Evolution, 58(2), 138–146. 

https://doi.org/10.1016/j.jhevol.2009.10.005 

Bruner, E., Román, F. J., De La Cuétara, J. M., Martin-Loeches, M., & Colom, R. (2015). Cortical 

surface area and cortical thickness in the precuneus of adult humans. Neuroscience, 286, 

345–352. https://doi.org/10.1016/j.neuroscience.2014.11.063 



148 

Bruner, E. (2015). Functional Craniology and Brain Evolution. In Human Paleoneurology (Vol. 3). 

Springer. 

Brusini, I., Carneiro, M., Wang, C., Rubin, C.-J., Ring, H., Afonso, S., Blanco-Aguiar, J. A., Ferrand, 

N., Rafati, N., Villafuerte, R., Smedby, Ö., Damberg, P., Hallböök, F., Fredrikson, M., & 

Andersson, L. (2018). Changes in brain architecture are consistent with altered fear 

processing in domestic rabbits. Proceedings of the National Academy of Sciences, 115(28), 

7380–7385. https://doi.org/10.1073/pnas.1801024115 

Bryant, K. L., & Preuss, T. M. (2018). A Comparative Perspective on the Human Temporal Lobe. In 

E. Bruner, N. Ogihara, & H. C. Tanabe (Eds.), Digital Endocasts (pp. 239–258). Springer 

Japan. https://doi.org/10.1007/978-4-431-56582-6_16 

Bryant, K. L., Li, L., Eichert, N., & Mars, R. B. (2020). A comprehensive atlas of white matter tracts in 

the chimpanzee. PLOS Biology, 18(12), e3000971. 

https://doi.org/10.1371/journal.pbio.3000971 

Buckner, R. L. (2013). The cerebellum and cognitive function: 25 years of insight from anatomy and 

neuroimaging. Neuron 80, 807–815. 

Buckner, R. L., & Krienen, F. M. (2013). The evolution of distributed association networks in the 

human brain. Trends in Cognitive Sciences, 17(12), 648–665. 

https://doi.org/10.1016/j.tics.2013.09.017 

Bunford, N., Andics, A., Kis, A., & Gácsi, M. (2017). Canis Familiaris as a Model for Non-Invasive 

Comparative Neuroscience. Trends in neurosciences 40(7), 438–452. 

Bush, E. C., & Allman, J. M. (2004). The scaling of frontal cortex in primates and carnivores. 

Proceedings of the National Academy of Sciences, 101(11), 3962–3966. 

https://doi.org/10.1073/pnas.0305760101 

Car, C., Adavoudi, R., Berghänel, A., Vanderheyden, M., Moura, A. E., Range, F., Cimarelli, G., 

Lazzaroni, M., Dale, R., El Berbri, I., Spatola, G. J., Mousseau, T. A., Marshall-Pescini, S., & 

Pilot, M. (2025). Mating system of free-ranging domestic dogs and its consequences for dog 

evolution. Proceedings of the National Academy of Sciences, 122(48), e2421756122. 

https://doi.org/10.1073/pnas.2421756122 

Chafe, W. L. (1967). Language as Symbolization. Language, 43(1), 57. 

https://doi.org/10.2307/411385 

Cieri, R. L., Churchill, S. E., Franciscus, R. G., Tan, J., & Hare, B. (2014). Craniofacial Feminization, 

Social Tolerance, and the Origins of Behavioral Modernity. Current Anthropology, 55(4), 

419–443. https://doi.org/10.1086/677209 

Combe, G (1843). A System of Phrenology. New York: William H. Colyer. 

Conith, A. J., Hope, S. A., & Albertson, R. C. (2023). Covariation of Brain and Skull Shapes as a 

Model to Understand the Role of Crosstalk in Development and Evolution. Evolution & 

Development 25(1), 85–102. 

Cook, P. F., Spivak, M., & Berns, G. (2016). Neurobehavioral evidence for individual differences in 

canine cognitive control: an awake fMRI study. Anim Cogn 19, 867–878. 

Coppinger & Coppinger. (2001). Dogs: A Startling New Understanding of Canine Origin, Behavior 

and Evolution. Simon and Schuster. 



149 

Coutts, N. J., & Harley, E. H. (2010). Comparative population genetics of the German shepherd dog 

in South Africa. South African Journal of Science, 105(3/4), 132. 

https://doi.org/10.4102/sajs.v105i3/4.65 

Csibra, G., & Gergely, G. (2009). Natural pedagogy. Trends in Cognitive Sciences, 13(4), 148–153. 

https://doi.org/10.1016/j.tics.2009.01.005 

Csibra, G., & Gergely, G. (2011). Natural pedagogy as evolutionary adaptation. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 366(1567), 1149–1157. 

https://doi.org/10.1098/rstb.2010.0319 

Cuaya, L. V., Hernández-Pérez, R., & Concha, L. (2016). Our Faces in the Dog's Brain: Functional 

Imaging Reveals Temporal Cortex Activation during Perception of Human Faces. PLOS 

ONE, 11(3), e0149431. https://doi.org/10.1371/journal.pone.0149431 

Cuaya, L. V., Hernández-Pérez, R., Boros, M., Deme, A., & Andics, A. (2022). Speech naturalness 

detection and language representation in the dog brain. NeuroImage, 248, 118811. 

https://doi.org/10.1016/j.neuroimage.2021.118811 

Czeibert, K., Sommese, A., Csörgő, T., & Kubinyi, E. (2020). Digital Endocasting in Comparative 

Canine Brain Morphology. Frontiers in Veterinary Science 7, 565315. 

Dadda, M., & Bisazza, A. (2006). Does brain asymmetry allow efficient performance of simultaneous 

tasks? Animal Behaviour, 72(3), 523–529. https://doi.org/10.1016/j.anbehav.2005.10.019 

Datta, R., Lee, J., Duda, J., Avants, B. B., Vite, C. H., Tseng, B., Gee, J. C., Aguirre, G. D., & 

Aguirre, G. K. (2012). A digital atlas of the dog brain. PLoS ONE 7, e52140. 

De Vito, D. (2009). World atlas of dog breeds (Russell-Revesz H, Fornino S, eds). Neptune City, NJ: 

TFH Publications. 

De Schotten, M., Croxson, P. L., & Mars, R. B. (2019). Large-scale comparative neuroimaging: 

Where are we and what do we need? Cortex, 118, 188–202. 

https://doi.org/10.1016/j.cortex.2018.11.028 

Demes, B., & Creel, N. (1988). Bite force, diet, and cranial morphology of fossil hominids. Journal of 

Human Evolution, 17(7), 657–670. https://doi.org/10.1016/0047-2484(88)90023-1 

Dewbury, A (2007). 7. The American School and Scientific Racism in Early American Anthropology. 

Histories of Anthropology Annual 3(1), 121–147. 

Dobos, P., & Pongrácz, P. (2024). You talkin' to me? Functional breed selection may have 

fundamentally influenced dogs' sensitivity to human verbal communicative cues. BMC 

Biology, 22(1), 183. https://doi.org/10.1186/s12915-024-01983-1 

Doiche, D. P., Rahal, S. C., Silva, J. P. D., et al. (2022). Qualitative and Quantitative Evaluation of 

the Ventricular System and Brain Parenchyma in Healthy Dogs of Different Skull 

Conformation on Computed Tomography Scans. Anatomia, Histologia, Embryologia 51(1), 

112–118. 

Drake, A. G., & Klingenberg, C. P. (2010). Large-Scale Diversification of Skull Shape in Domestic 

Dogs: Disparity and Modularity. American Naturalist 175(3), 289–301. 

Duffy, D. L., & Serpell, J. A. (2012). Predictive validity of a method for evaluating temperament in 

young guide and service dogs. Applied Animal Behaviour Science, 138(1–2), 99–109. 

https://doi.org/10.1016/j.applanim.2012.02.011 



150 

Dunbar, R. I. M. (1998). The social brain hypothesis. Evolutionary Anthropology: Issues, News, and 

Reviews, 6(5), 178–190. https://doi.org/10.1002/(SICI)1520-6505(1998)6:5%3C178::AID-

EVAN5%3E3.0.CO;2-8. 

Dutrow, E. V., Serpell, J. A., & Ostrander, E. A. (2022). Domestic dog lineages reveal genetic drivers 

of behavioral diversification. Cell, 185(25), 4737-4755.e18. 

https://doi.org/10.1016/j.cell.2022.11.003 

Eichenbaum, H. (2017). Time (and space) in the hippocampus. Current Opinion in Behavioral 

Sciences, 17, 65–70. https://doi.org/10.1016/j.cobeha.2017.06.010 

Ekenstedt, K. J., Crosse, K. R., & Risselada, M. (2020). Canine Brachycephaly: Anatomy, Pathology, 

Genetics and Welfare. Journal of Comparative Pathology 176, 109–115. 

Ellenberger, W., & Baum, H. (1977). Handbuch Der Vergleichenden Anatomie Der Haustiere. In 

Kopf der Fleischfresser, 75–76. Berlin: Springer-Verlag. 

Elvsåshagen, T., Bahrami, S., van der Meer, D., Agartz, I., Alnæs, D., Barch, D. M., Baur-Streubel, 

R., Bertolino, A., Beyer, M. K., Blasi, G., & Borgwardt, S. (2020). The genetic architecture of 

human brainstem structures and their involvement in common brain disorders. Nat Commun 

11, 4016. 

Evans, H., & de Lahunta, A. (2013). Miller's Anatomy of the Dog (Vol. 4). Elsevier Saunders. 

Evans, A. C. (2013). Networks of anatomical covariance. Neuroimage 80, 489–504. 

Farke, D., Staszyk, C., Failing, K., Kirberger, R. M., & Schmidt, M. J. (2019). Sensitivity and 

specificity of magnetic resonance imaging and computed tomography for the determination 

of the developmental state of cranial sutures and synchondroses in the dog. BMC 

Veterinary Research, 15(1), 221. https://doi.org/10.1186/s12917-019-1967-9 

Fears, S. C., Scheibel, K., Abaryan, Z., Lee, C., Service, S. K., Jorgensen, M. J., Fairbanks, L. A., 

Cantor, R. M., Freimer, N. B., & Woods, R. P. (2011). Anatomic brain asymmetry in vervet 

monkeys. PLoS ONE 6, e28243. 

Feng, L., Jeon, T., Yu, Q., Ouyang, M., Peng, Q., Mishra, V., Pletikos, M., Sestan, N., Miller, M. I., 

Mori, S., Hsiao, S., Liu, S., & Huang, H. (2017). Population-averaged macaque brain atlas 

with high-resolution ex vivo DTI integrated into in vivo space. Brain Structure and Function, 

222(9), 4131–4147. https://doi.org/10.1007/s00429-017-1463-6 

Fernández, V., & Borrell, V. (2023). Developmental mechanisms of gyrification. Current Opinion in 

Neurobiology, 80, 102711. https://doi.org/10.1016/j.conb.2023.102711 

Ferrando, E., & Dahl, C. D. (2022). An Investigation on the Olfactory Capabilities of Domestic Dogs 

(Canis lupus familiaris). Animal Cognition 25(6), 1567–1577. 

Fielding, H. R., Gibson, A. D., Gamble, L., Fernandes, K. A., Airikkala-Otter, I., Handel, I. G., 

Bronsvoort, B. M. de C., Mellanby, R. J., & Mazeri, S. (2021). Timing of reproduction and 

association with environmental factors in female free-roaming dogs in southern India. 

Preventive Veterinary Medicine, 187, 105249. 

https://doi.org/10.1016/j.prevetmed.2020.105249 

Filley, C. M., & Fields, R. D. (2016). White matter and cognition: Making the connection. Journal of 

Neurophysiology, 116(5), 2093–2104. https://doi.org/10.1152/jn.00221.2016 



151 

Finarelli, J. A., & Flynn, J. J. (2009). Brain-size evolution and sociality in Carnivora. Proceedings of 

the National Academy of Sciences, 106(23), 9345–9349. 

https://doi.org/10.1073/pnas.0901780106 

Finlay, B. L., Darlington, R. B., & Nicastro, N. (2001). Developmental structure in brain evolution. 

Behavioral and Brain Sciences, 24(2), 263–278. 

https://doi.org/10.1017/S0140525X01003958 

Fitch, T. (2010). The Evolution of Language. Cambridge University Press. 

https://doi.org/https://doi.org/10.1017/CBO9780511817779 

Flaherty, K., Singh, N., & Richtsmeier, J. T. (2016). Understanding craniosynostosis as a growth 

disorder. WIREs Developmental Biology, 5(4), 429–459. https://doi.org/10.1002/wdev.227 

Fox, M. W. (1971a). Behaviour of Wolves Dogs and Related Canids. Harper & Row. 

Fox, M. W. (1971b). Integrative Development of Brain and Behavior in the Dog. The Univeristy of 

Chicago Press. 

Freedman, A. H., Gronau, I., Schweizer, R. M., Ortega-Del Vecchyo, D., Han, E., Silva, P. M., 

Galaverni, M., Fan, Z., Marx, P., Lorente-Galdos, B., Beale, H., Ramirez, O., Hormozdiari, 

F., Alkan, C., Vilà, C., Squire, K., Geffen, E., Kusak, J., Boyko, A. R., ... Novembre, J. 

(2014). Genome Sequencing Highlights the Dynamic Early History of Dogs. PLoS Genetics, 

10(1), e1004016. https://doi.org/10.1371/journal.pgen.1004016 

Frost, J. A. (1999). Language processing is strongly left lateralized in both sexes: Evidence from 

functional MRI. Brain, 122(2), 199–208. https://doi.org/10.1093/brain/122.2.199 

Fugazza, C., & Miklósi, Á. (2014). Deferred imitation and declarative memory in domestic dogs. 

Animal Cognition, 17(2), 237–247. https://doi.org/10.1007/s10071-013-0656-5 

Gábor, A., Gácsi, M., Szabó, D., Miklósi Á, Kubinyi, E., & Andics, A. (2020). Multilevel fMRI 

adaptation for spoken word processing in the awake dog brain. Sci Rep 10, 1–11. 

Gácsi, M., Mc, P., Kara, E., & Á. Miklósi (2009). Effects of Selection for Cooperation and Attention in 

Dogs. Behavioral and Brain Functions 5(1), 1–8. 

Galeta, P., Lázničková-, M., Sablin, M., & Germonpré, M. (2021). Morphological Evidence for Early 

Dog Domestication in the European Pleistocene: New Evidence From a Randomization 

Approach to Group Differences. Anatomical Record 304(1), 42–62. 

Ganzetti, M., Wenderoth, N., & Mantini, D. (2014). Whole brain myelin mapping using T1- and T2-

weighted MR imaging data. Frontiers in Human Neuroscience, 8. 

https://doi.org/10.3389/fnhum.2014.00671 

Garamszegi, L. Z., Kubinyi, E., Czeibert, K., Nagy, G., Csörgő, T., & Kolm, N. (2023). Evolution of 

relative brain size in dogs–No effects of selection for breed function, litter size, or longevity. 

Evolution, 77(7), 1591–1606. https://doi.org/10.1093/evolut/qpad063 

Gardner, C., Bathgate, R., Kinghorn, B., & Wade, C. (2025). Non-seasonal breeding appears 

dominant with incomplete penetrance in Australian Basenji dogs. Scientific Reports, 15(1), 

43000. https://doi.org/10.1038/s41598-025-27059-w 

Garthe, A., Roeder, I., & Kempermann, G. (2016). Mice in an enriched environment learn more 

flexibly because of adult hippocampal neurogenesis. Hippocampus, 26(2), 261–271. 

https://doi.org/10.1002/hipo.22520 



152 

Geiger, M., & Haussman, S. (2016). Cranial Suture Closure in Domestic Dog Breeds and Its 

Relationships to Skull Morphology. The Anatomical Record, 299(4), 412–420. 

https://doi.org/10.1002/ar.23313 

Genon, S., Eickhoff, S. B., & Kharabian, S. (2022). Linking interindividual variability in brain structure 

to behaviour. Nature Reviews Neuroscience, 23(5), 307–318. 

https://doi.org/10.1038/s41583-022-00584-7 

Gergely, A., Gábor, A., Gácsi, M., Kis, A., Czeibert, K., Topál, J., & Andics, A. (2023). Dog brains are 

sensitive to infant- and dog-directed prosody. Communications Biology, 6(1), 859. 

https://doi.org/10.1038/s42003-023-05217-y 

Germonpré, M., Van den Broeck, M., Lažničková-Galetová, M., Sablin, M. V., & Bocherens, H. 

(2021). Mothering the orphaned pup: the beginning of a domestication process in the Upper 

Palaeolithic. Hum Ecol Interdiscip J 49, 677–689. 

Gobbo, E., & Šemrov, M. Z. (2021). Neuroendocrine and cardiovascular activation during aggressive 

reactivity in dogs. Front Vet Sci 8, 902. 

Gómez-Robles, A., Hopkins, W. D., Schapiro, S. J., & Sherwood, C. C. (2016). The heritability of 

chimpanzee and human brain asymmetry. Proceedings of the Royal Society B: Biological 

Sciences, 283(1845), 20161319. https://doi.org/10.1098/rspb.2016.1319 

Gompper, M. E. (2014). The dog–human–wildlife interface: assessing the scope of the problem. In: 

Free-ranging dogs and wildlife conservation (Gompper ME, ed) pp 9–54. Oxford, UK: 

Oxford University Press. 

Grahn, J. A., Parkinson, J. A., & Owen, A. M. (2008). The cognitive functions of the caudate nucleus. 

Progress in Neurobiology, 86(3), 141–155. https://doi.org/10.1016/j.pneurobio.2008.09.004 

Grajauskas, L. A., Frizzell, T., Song, X., & D'Arcy, R. C. N. (2019). White Matter fMRI Activation 

Cannot Be Treated as a Nuisance Regressor: Overcoming a Historical Blind Spot. Frontiers 

in Neuroscience, 13, 1024. https://doi.org/10.3389/fnins.2019.01024 

Gross, B., Garcia-Tapia, D., Riedesel, E., Ellinwood, N. M., & Jens, J. K. (2010). NORMAL CANINE 

BRAIN MATURATION AT MAGNETIC RESONANCE IMAGING: MRI Appearance of Normal 

Postnatal Canine Brain Maturation with Histology Correlation. Veterinary Radiology & 

Ultrasound, 51(4), 361–373. https://doi.org/10.1111/j.1740-8261.2010.01681.x 

Groucutt, H. S., Petraglia, M. D., Bailey, G., Scerri, E. M. L., Parton, A., Clark‐Balzan, L., Jennings, 

R. P., Lewis, L., Blinkhorn, J., Drake, N. A., Breeze, P. S., Inglis, R. H., Devès, M. H., 

Meredith‐Williams, M., Boivin, N., Thomas, M. G., & Scally, A. (2015). Rethinking the 

dispersal of Homo sapiens out of Africa. Evolutionary Anthropology: Issues, News, and 

Reviews, 24(4), 149–164. https://doi.org/10.1002/evan.21455 

Guimarães-Ferreira, J., Miguéns, J., & Lauritzen, C. (2004). Advances in Craniosynostosis 

Research and Management. In Advances and Technical Standards in Neurosurgery (Vol. 

29). Springer. 

Güntürkün, O., Ströckens, F., & Ocklenburg, S. (2020). Brain Lateralization: A Comparative 

Perspective. 

Gupta, C. N., Turner, J. A., & Calhoun, V. D. (2019). Source-based morphometry: a decade of 

covarying structural brain patterns. Brain Struct Funct 224, 3031–3044. 



153 

Haimson, B., & Mizrahi, A. (2025). Integrating innate and learned behavior through brain circuits. 

Trends in Neurosciences, 48(5), 319–329. https://doi.org/10.1016/j.tins.2025.03.002 

Hall, N. J., Glenn, K., Smith, D. W., & Wynne, C. D. (2015). Performance of Pugs, German 

Shepherds, and Greyhounds (Canis lupus familiaris) on an Odor-Discrimination Task. 

Journal of Comparative Psychology 129(3), 237–246. 

Hall, N. J., Johnston, A. M., Bray, E. E., Otto, C. M., MacLean, E. L., & Udell, M. A. R. (2021). 

Working Dog Training for the Twenty-First Century. Frontiers in Veterinary Science, 8, 

646022. https://doi.org/10.3389/fvets.2021.646022 

Han, W., Tellez, L. A., Rangel, M. J., Motta, S. C., Zhang, X., Perez, I. O., Canteras, N. S., 

Shammah-Lagnado, S. J., Van Den Pol, A. N., & De Araujo, I. E. (2017). Integrated Control 

of Predatory Hunting by the Central Nucleus of the Amygdala. Cell, 168(1–2), 311-324.e18. 

https://doi.org/10.1016/j.cell.2016.12.027 

Hanken, J., & Thorogood, P. (1993). Evolution and Development of the Vertebrate Skull: The Role of 

Pattern Formation. Trends in Ecology & Evolution 8(1), 9–15. 

Hansen Wheat, C., Fitzpatrick, J. L., Rogell, B., & Temrin, H. (2019). Behavioural correlations of the 

domestication syndrome are decoupled in modern dog breeds. Nature Communications, 

10(1), 2422. https://doi.org/10.1038/s41467-019-10426-3 

Hansen Wheat, C., Van Der Bijl, W., & Wheat, C. W. (2020). Morphology does not covary with 

predicted behavioral correlations of the domestication syndrome in dogs. Evolution Letters, 

4(3), 189–199. https://doi.org/10.1002/evl3.168 

Hare, B., Brown, M., Williamson, C., & Tomasello, M. (2002). The domestication of social cognition 

in dogs. Science 298, 1634–1636. 

Hecht, E. E., Murphy, L. E., Gutman, D. A., Votaw, J. R., Schuster, D. M., Preuss, T. M., Orban, G. 

A., Stout, D., & Parr, L. A. (2013). Differences in Neural Activation for Object-Directed 

Grasping in Chimpanzees and Humans. Journal of Neuroscience, 33(35), 14117–14134. 

https://doi.org/10.1523/JNEUROSCI.2172-13.2013 

Hecht, E. E., Gutman, D. A., Preuss, T. M., Sanchez, M. M., Parr, L. A., & Rilling, J. K. (2013). 

Process Versus Product in Social Learning: Comparative Diffusion Tensor Imaging of Neural 

Systems for Action Execution–Observation Matching in Macaques, Chimpanzees, and 

Humans. Cerebral Cortex, 23(5), 1014–1024. https://doi.org/10.1093/cercor/bhs097 

Hecht, E. E., Gutman, D. A., Khreisheh, N., Taylor, S. V., Kilner, J., Faisal, A. A., Bradley, B. A., 

Chaminade, T., & Stout, D. (2015). Acquisition of Paleolithic toolmaking abilities involves 

structural remodeling to inferior frontoparietal regions. Brain Structure and Function, 220(4), 

2315–2331. https://doi.org/10.1007/s00429-014-0789-6 

Hecht, E. E., Gutman, D. A., Bradley, B. A., Preuss, T. M., & Stout, D. (2015a). Virtual dissection and 

comparative connectivity of the superior longitudinal fasciculus in chimpanzees and 

humans. NeuroImage, 108, 124–137. https://doi.org/10.1016/j.neuroimage.2014.12.039 

Hecht. (2018). Plasticity, innateness, and the path to language in the primate brain: Comparing 

macaque, chimpanzee and human circuitry for visuomotor integration. Interaction Studies. 

Social Behaviour and Communication in Biological and Artificial Systems, 19(1–2), 54–69. 

https://doi.org/10.1075/is.17039.hec 



154 

Hecht, E. E., Smaers, J. B., Dunn, W. D., Kent, M., Preuss, T. M., & Gutman, D. A. (2019). 

Significant Neuroanatomical Variation Among Domestic Dog Breeds. The Journal of 

Neuroscience, 39(39), 7748–7758. https://doi.org/10.1523/JNEUROSCI.0303-19.2019 

Hecht, E. E., Zapata, I., Alvarez, C. E., Gutman, D. A., Preuss, T. M., Kent, M., & Serpell, J. A. 

(2021). Neurodevelopmental scaling is a major driver of brain–behavior differences in 

temperament across dog breeds. Brain Structure and Function, 226(8), 2725–2739. 

https://doi.org/10.1007/s00429-021-02368-8 

Hecht, E. E., Kukekova, A. V., Gutman, D. A., Acland, G. M., Preuss, T. M., & Trut, L. N. (2021b). 

Neuromorphological changes following selection for tameness and aggression in the 

Russian farm-fox experiment. Journal of Neuroscience 41, 6144–6156. 

Hecht, E. E., Barton, S. A., Rogers Flattery, C. N., & Meza Meza, A. (2023). The evolutionary 

neuroscience of domestication. Trends in Cognitive Sciences, 27(6), 553–567. 

https://doi.org/10.1016/j.tics.2023.03.008 

Hecht, E. E., Pargeter, J., Khreisheh, N., & Stout, D. (2023). Neuroplasticity enables bio-cultural 

feedback in Paleolithic stone-tool making. Scientific Reports, 13(1), 2877. 

https://doi.org/10.1038/s41598-023-29994-y 

Hecht, E. E., Vijayakumar, S., Becker, Y., & Hopkins, W. D. (2025). Individual variation in the 

chimpanzee arcuate fasciculus predicts vocal and gestural communication. Nature 

Communications, 16(1), 3681. https://doi.org/10.1038/s41467-025-58784-5 

Helton, W., & S (2009). Cephalic Index and Perceived Dog Trainability. Behavioural Processes 

82(3), 355–358. 

Helton, W. S. (2010). Does perceived trainability of dog (Canis lupus familiaris) breeds reflect 

differences in learning or differences in physical ability? Behavioural Processes, 83(3), 315–

323. https://doi.org/10.1016/j.beproc.2010.01.016 

Höglin, A., Van Poucke, E., Katajamaa, R., Jensen, P., Theodorsson, E., & Roth, L. S. V. (2021). 

Long-term stress in dogs is related to the human–dog relationship and personality traits. 

Scientific Reports, 11(1), 8612. https://doi.org/10.1038/s41598-021-88201-y 

Holloway, R. L., Sherwood, C. C., Hof, P. R., & Rilling, J. K. (2009). Evolution of the Brain, in 

Humans – Paleoneurology. Enclyopedia of Neuroscience, 1326–1334. 

Hopkins, W. D., Taglialatela, J. P., Meguerditchian, A., Nir, T., Schenker, N. M., & Sherwood, C. C. 

(2008). Gray matter asymmetries in chimpanzees as revealed by voxel-based morphometry. 

Neuroimage 42, 491–497. 

Hopkins, W. D., & Cantalupo, C. (2008). Theoretical speculations on the evolutionary origins of 

hemispheric specialization. Curr Dir Psychol Sci 17, 233–237. 

Hopkins, W. D., & Nir, T. M. (2010). Planum temporale surface area and grey matter asymmetries in 

chimpanzees (Pan troglodytes): The effect of handedness and comparison with findings in 

humans. Behavioural Brain Research, 208(2), 436–443. 

https://doi.org/10.1016/j.bbr.2009.12.012 

Hopkins, W. D., & Avants, B. B. (2013). Regional and hemispheric variation in cortical thickness in 

chimpanzees (Pan troglodytes). J Neurosci 33, 5241–5248. 



155 

Hopkins, W. D., Misiura, M., Pope, S. M., & Latash, E. M. (2015). Behavioral and brain asymmetries 

in primates: a preliminary evaluation of two evolutionary hypotheses. Ann N Y Acad Sci 

1359, 65–83. 

Hsu, Y., & Serpell, J. A. (2003). Development and validation of a questionnaire for measuring 

behavior and temperament traits in pet dogs. Journal of the American Veterinary Medical 

Association, 223(9), 1293–1300. https://doi.org/10.2460/javma.2003.223.1293 

Hublin, J.-J., Ben-Ncer, A., Bailey, S. E., Freidline, S. E., Neubauer, S., Skinner, M. M., Bergmann, I., 

Le Cabec, A., Benazzi, S., Harvati, K., & Gunz, P. (2017). New fossils from Jebel Irhoud, 

Morocco and the pan-African origin of Homo sapiens. Nature, 546(7657), 289–292. 

https://doi.org/10.1038/nature22336 

Hughes, J., & Macdonald, D. W. (2013). A review of the interactions between free-roaming domestic 

dogs and wildlife. Biol Conserv 157, 341–351. 

Isler, K., & Van Schaik, C. P. (2014). How humans evolved large brains: comparative evidence. Evol 

Anthropol 23, 65–75. 

Janak, P. H., & Tye, K. M. (2015). From circuits to behaviour in the amygdala. Nature, 517(7534), 

284–292. https://doi.org/10.1038/nature14188 

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., & Smith, S. M. (2012). FSL. 

NeuroImage, 62(2), 782–790. https://doi.org/10.1016/j.neuroimage.2011.09.015 

Jia, H., Pustovyy, O. M., Waggoner, P., Beyers, R. J., Schumacher, J., Wildey, C., Barrett, J., 

Morrison, E., Salibi, N., Denney, T. S., & Vodyanoy, V. J. (2014). Functional MRI of the 

olfactory system in conscious dogs. PLoS ONE 9, e86362. 

Johnson, P. J., Luh, W. M., Rivard, B. C., Graham, K. L., White, A., FitzMaurice, M., Loftus, J. P., & 

Barry, E. F. (2020). Stereotactic cortical atlas of the domestic canine brain. Sci Rep 10, 

4781. 

Jones, A. C., & Gosling, S. D. (2005). Temperament and personality in dogs (Canis familiaris): A 

review and evaluation of past research. Applied Animal Behaviour Science, 95(1–2), 1–53. 

https://doi.org/10.1016/j.applanim.2005.04.008 

Kaas, J. H. (2011). Reconstructing the areal organization of the neocortex of the first mammals. 

Brain Behav Evol 78, 7–21. 

Kaas, J. H. (2013). The evolution of brains from early mammals to humans. WIREs Cognitive 

Science, 4(1), 33–45. https://doi.org/10.1002/wcs.1206 

Kang, X., Herron, T. J., Ettlinger, M., & Woods, D. L. (2015). Hemispheric asymmetries in cortical 

and subcortical anatomy. Laterality: asymmetries of body. Brain Cogn 20, 658–684. 

Karl, S., Sladky, R., Lamm, C., & Huber, L. (2021). Neural Responses of Pet Dogs Witnessing Their 

Caregiver’s Positive Interactions With a Conspecific: An fMRI Study. Cerebral Cortex 

Communications 2(3), tgab047. 

Kellogg, G. M. (1898). The physiology of right-and-left-handedness. J Am Med Assoc 30, 356–358. 

Kerswell, K. J., Butler, K. L., Bennett, P., & Hemsworth, P. H. (2010). The Relationships Between 

Morphological Features and Social Signalling Behaviours in Juvenile Dogs: The Effect of 

Early Experience With Dogs of Different Morphotypes. Behavioural Processes 85(1), 1–7. 



156 

Kolkmeyer, C. A., Baum, J., Warlich-Zach, N., & Gansloßer, U. (2024). From "Husky" to "Bulldog"– 

behavioural correlates between castration and breed groups in the domestic dog (Canis 

lupus familiaris). BMC Veterinary Research, 20(1), 238. https://doi.org/10.1186/s12917-024-

04097-6 

Kong, X., Mathias, S., Guadalupe, T., ENIGMA Laterality Working Group, Glahn, D. C., Franke, B., 

Crivello, F., Tzourio-Mazoyer, N., Fisher, S. E., Thompson, P. M., Francks, C., ENIGMA 

Laterality Working Group, Kong, X.-Z., Mathias, S. R., Guadalupe, T., Abé, C., Agartz, I., 

Akudjedu, T. N., Aleman, A., ... Orhan, F. (2018). Mapping cortical brain asymmetry in 

17,141 healthy individuals worldwide via the ENIGMA Consortium. Proceedings of the 

National Academy of Sciences, 115(22). https://doi.org/10.1073/pnas.1718418115 

Kong, X., Postema, M. C., Guadalupe, T., De Kovel, C., Boedhoe, P. S. W., Hoogman, M., Mathias, 

S. R., Van Rooij, D., Schijven, D., Glahn, D. C., Medland, S. E., Jahanshad, N., 

Thomopoulos, S. I., Turner, J. A., Buitelaar, J., Van Erp, T. G. M., Franke, B., Fisher, S. E., 

Van Den Heuvel, O. A., ... Francks, C. (2022). Mapping brain asymmetry in health and 

disease through the ENIGMA consortium. Human Brain Mapping, 43(1), 167–181. 

https://doi.org/10.1002/hbm.25033 

Konno, A., Romero, T., Inoue-Murayama, M., Saito, A., & Hasegawa, T. (2016). Dog breed 

differences in visual communication with humans. PLoS One 11, e0164760. 

Kosmal, A., & Dabrowska, J. (1980). Subcortical connections of the prefrontal cortex in dogs: 

afferents to the orbital gyrus. Acta Neurobiol Exp 40, 593–608. 

Kosmal, A., Markow, G., & Stqpniewska, I. (1984). THE PRESYLVIAN CORTEX AS A 

TRANSITIONAL PREFRONTO- MOTOR ZONE IN DOG. Acta Neurobiologiae 

Experimentalis, 44(6). 

Koyun, N., Aydinlioğlu, A., & Aslan, K. (2011). A morphometric study on dog cerebellum. Neurol Res 

33, 220–224. 

Kreiner, J. (1961). The myeloarchitectonics of the frontal cortex in dog. J Comp Neurol 116, 401–

414. 

Krienen, F. M., & Buckner, R. L. (2020). Human Association Cortex: Expanded, Untethered, 

Neotenous, and Plastic. In Evolutionary Neuroscience (pp. 845–860). Elsevier. 

https://doi.org/10.1016/B978-0-12-820584-6.00035-0 

Krubitzer, L., & Kahn, D. M. (2003). Nature versus nurture revisited: An old idea with a new twist. 

Progress in Neurobiology, 70(1), 33–52. https://doi.org/10.1016/S0301-0082(03)00088-1 

Kruska, D. (1988). Mammalian domestication and its effect on brain structure and behavior. In: 

Intelligence and evolutionary biology (Jerison HJ, Jerison I, eds), pp 211–250. Berlin, 

Heidelberg: Springer. 

Kujala, M. V., Imponen, N., Pirkkala, A., Silfverberg, T., Parviainen, T., Tiira, K., & Kiuru, N. (2023). 

Modulation of dog–owner relationship and dog social and cognitive behavior by owner 

temperament and dog breed group. Scientific Reports, 13(1), 14739. 

https://doi.org/10.1038/s41598-023-41849-0 

Kumar, S., Filipski, A., Swarna, V., Walker, A., & Hedges, S. B. (2005). Placing confidence limits on 

the molecular age of the human–chimpanzee divergence. Proceedings of the National 

Academy of Sciences, 102(52), 18842–18847. https://doi.org/10.1073/pnas.0509585102 



157 

Kumar, S., Stecher, G., Suleski, M., & Hedges, S. B. (2017). TimeTree: A Resource for Timelines, 

Timetrees, and Divergence Times. Molecular Biology and Evolution, 34(7), 1812–1819. 

https://doi.org/10.1093/molbev/msx116 

Kumar, S., Suleski, M., Craig, J. M., Kasprowicz, A. E., Sanderford, M., Li, M., Stecher, G., & 

Hedges, S. B. (2022). TimeTree 5: An Expanded Resource for Species Divergence Times. 

Molecular Biology and Evolution, 39(8), msac174. https://doi.org/10.1093/molbev/msac174 

Lampi, S., Donner, J., Anderson, H., & Pohjoismäki, J. (2020). Variation in breeding practices and 

geographic isolation drive subpopulation differentiation, contributing to the loss of genetic 

diversity within dog breed lineages. Canine Medicine and Genetics, 7(1), 5. 

https://doi.org/10.1186/s40575-020-00085-9 

Larson, G., Karlsson, E. K., Perri, A., Webster, M. T., Ho, S. Y. W., Peters, J., Stahl, P. W., Piper, P. 

J., Lingaas, F., Fredholm, M., Comstock, K. E., Modiano, J. F., Schelling, C., Agoulnik, A. I., 

Leegwater, P. A., Dobney, K., Vigne, J.-D., Vilà, C., Andersson, L., & Lindblad-Toh, K. 

(2012). Rethinking dog domestication by integrating genetics, archeology, and 

biogeography. Proceedings of the National Academy of Sciences, 109(23), 8878–8883. 

https://doi.org/10.1073/pnas.1203005109 

Larson, G., & Fuller, D. Q. (2014). The evolution of animal domestication. Annu Rev Ecol Evol Syst 

45, 115–136. 

Ledogar, J. A., Dechow, P. C., Wang, Q., Gharpure, P. H., Gordon, A. D., Baab, K. L., Smith, A. L., 

Weber, G. W., Grosse, I. R., Ross, C. F., Richmond, B. G., Wright, B. W., Byron, C., Wroe, 

S., & Strait, D. S. (2016). Human feeding biomechanics: Performance, variation, and 

functional constraints. PeerJ, 4, e2242. https://doi.org/10.7717/peerj.2242 

Lee, T., Jarome, T., Li, S.-J., Kim, J. J., & Helmstetter, F. J. (2009). Chronic stress selectively 

reduces hippocampal volume in rats: A longitudinal magnetic resonance imaging study. 

NeuroReport, 20(17), 1554–1558. https://doi.org/10.1097/WNR.0b013e328332bb09 

Lehoczki, F., Andics, A., Kershenbaum, A., Kubinyi, E., Passilongo, D., Root-Gutteridge, H., Range, 

F., Sánchez, V. P., Schmidt, L., Townsend, S. W., Watson, S. K., & Faragó, T. (2023). 

Genetic distance from wolves affects family dogs' reactions towards howls. Communications 

Biology, 6(1), 129. https://doi.org/10.1038/s42003-023-04450-9 

Leighton, E. A., Hare, E., Thomas, S., Waggoner, L. P., & Otto, C. M. (2018). A Solution for the 

Shortage of Detection Dogs: A Detector Dog Center of Excellence and a Cooperative 

Breeding Program. Frontiers in Veterinary Science, 5, 284. 

https://doi.org/10.3389/fvets.2018.00284 

Levin, I., Sinha, M., Barton, S., & Hecht, E. (2024). A left-lateralized white matter tract associated 

with communication in domestic dogs. Current Biology, 34(21), R1069–R1070. 

https://doi.org/10.1016/j.cub.2024.09.021 

Lewis, J. W. (2006). Cortical Networks Related to Human Use of Tools. The Neuroscientist, 12(3), 

211–231. https://doi.org/10.1177/1073858406288327 

Li, Q., Wang, D., Xiao, W., Tang, Y., Sun, Q., Sun, B., & Hu, Z. (2024). Structured interaction 

between teacher and student in the flipped classroom enhances learning and interbrain 

synchrony. Npj Science of Learning, 9(1), 73. https://doi.org/10.1038/s41539-024-00286-y 

Lieberman, D. E., Ross, C. F., & Ravosa, M. J. (2000). The primate cranial base: Ontogeny, 

function, and integration: Primate Cranial Base. American Journal of Physical Anthropology, 



158 

113(S31), 117–169. https://doi.org/10.1002/1096-8644(2000)43:31+%3C117::AID-

AJPA5%3E3.0.CO;2-I. 

Lieberman, D. E., McBratney, B. M., & Krovitz, G. (2002). The evolution and development of cranial 

form in Homo sapiens. Proceedings of the National Academy of Sciences, 99(3), 1134–

1139. https://doi.org/10.1073/pnas.022440799 

Lin, A. T., Fairbanks, R. A., Barba-Montoya, J., Liu, H.-L., & Kistler, L. (2025). A legacy of genetic 

entanglement with wolves shapes modern dogs. Proceedings of the National Academy of 

Sciences, 122(48), e2421768122. https://doi.org/10.1073/pnas.2421768122 

Lipman, E., & A (1949). Acoustic Function of the Temporal Cortex of the Dog. American Journal of 

Psychology 62(2), 215–227. 

Liu, J., Tsang, T., Jackson, L., Ponting, C., Jeste, S. S., Bookheimer, S. Y., & Dapretto, M. (2019). 

Altered lateralization of dorsal language tracts in 6‐week‐old infants at risk for autism. 

Developmental Science, 22(3), e12768. https://doi.org/10.1111/desc.12768 

Liu, C., Ye, F. Q., Newman, J. D., Szczupak, D., Tian, X., Yen, C. C.-C., Majka, P., Glen, D., Rosa, 

M. G. P., Leopold, D. A., & Silva, A. C. (2020). A resource for the detailed 3D mapping of 

white matter pathways in the marmoset brain. Nature Neuroscience, 23(2), 271–280. 

https://doi.org/10.1038/s41593-019-0575-0 

Logan, C. J., Avin, S., Boogert, N., Buskell, A., Cross, F. R., Currie, A., Jelbert, S., Lukas, D., Mares, 

R., Navarrete, A. F., Shigeno, S., & Montgomery, S. H. (2018). Beyond brain size: 

Uncovering the neural correlates of behavioral and cognitive specialization. Comparative 

Cognition & Behavior Reviews, 13, 55–89. https://doi.org/10.3819/CCBR.2018.130008 

Lopez-Persem, A., Roumazeilles, L., Folloni, D., Marche, K., Fouragnan, E. F., Khalighinejad, N., 

Rushworth, M. F., & Sallet, J. (2020). Differential functional connectivity underlying 

asymmetric reward-related activity in human and nonhuman primates. Proc Natl Acad Sci 

117, 28452–28462. 

Lupo, K. D. (2019). Hounds follow those who feed them: what can the ethnographic record of 

hunter-gatherers reveal about early human-canid partnerships? J Anthropol Archaeol 

55:101081. 

MacLean, E. L., Snyder-Mackler, N., vonHoldt, B. M., & Serpell, J. A. (2019). Highly heritable and 

functionally relevant breed differences in dog behaviour. Proceedings of the Royal Society 

B: Biological Sciences, 286(1912), 20190716. https://doi.org/10.1098/rspb.2019.0716 

Maejima, M., Inoue-Murayama, M., Tonosaki, K., Matsuura, N., Kato, S., Saito, Y., Weiss, A., 

Murayama, Y., & Ito, S. (2007). Traits and genotypes may predict the successful training of 

drug detection dogs. Applied Animal Behaviour Science, 107(3–4), 287–298. 

https://doi.org/10.1016/j.applanim.2006.10.005 

Maguire, E. A., Gadian, D. G., Johnsrude, I. S., Good, C. D., Ashburner, J., Frackowiak, R. S. J., & 

Frith, C. D. (2000). Navigation-related structural change in the hippocampi of taxi drivers. 

Proceedings of the National Academy of Sciences, 97(8), 4398–4403. 

https://doi.org/10.1073/pnas.070039597 

Maingault, S., Tzourio-Mazoyer, N., Mazoyer, B., & Crivello, F. (2016). Regional correlations 

between cortical thickness and surface area asymmetries: a surface-based morphometry 

study of 250 adults. Neuropsychologia 93, 350–364. 



159 

Marie, D., Roth, M., Lacoste, R., Nazarian, B., Bertello, A., Anton, J. L., Hopkins, W. D., Margiotoudi, 

K., Love, S. A., & Meguerditchian, A. (2017). Left brain asymmetry of the planum temporale 

in a nonhominid primate: redefining the origin of brain specialization for language. Cereb 

Cortex 28, 1808–1815. 

Markow-Rajkowska, G., & Kosmal, A. (1987). Organization of cortical afferents to the frontal 

association cortex in dogs. Acta Neurobiol Exp (wars) 47, 137–161. 

Mars, R. B., Sallet, J., Neubert, F.-X., & Rushworth, M. F. S. (2013). Connectivity profiles reveal the 

relationship between brain areas for social cognition in human and monkey temporoparietal 

cortex. Proceedings of the National Academy of Sciences, 110(26), 10806–10811. 

https://doi.org/10.1073/pnas.1302956110 

Marshall-Pescini, S., Cafazzo, S., Virányi, Z., & Range, F. (2017). Integrating social ecology in 

explanations of wolf–dog behavioral differences. Curr Opin Behav Sci 16, 80–86. 

McAdams, T. A., Cheesman, R., & Ahmadzadeh, Y. I. (2023). Annual Research Review: Towards a 

deeper understanding of nature and nurture: combining family‐based quasi‐experimental 

methods with genomic data. Journal of Child Psychology and Psychiatry, 64(4), 693–707. 

https://doi.org/10.1111/jcpp.13720 

McGreevy, P. D., Georgevsky, D., Carrasco, J., Valenzuela, M., Duffy, D. L., & Serpell, J. A. (2013). 

Dog Behavior Co-Varies With Height, Bodyweight and Skull Shape. PLoS ONE 8(12), 

e80529. 

McMurray, B. (2016). Nature, nurture or interacting developmental systems? Endophenotypes for 

learning systems bridge genes, language and development. Language, Cognition and 

Neuroscience, 31(9), 1093–1097. https://doi.org/10.1080/23273798.2016.1227859 

Midroit, M., Chalençon, L., Renier, N., et al. (2021). Neural Processing of the Reward Value of 

Pleasant Odorants. Current Biology 31(8), 1592–1605. 

Miklósi, Á., Abdai, J., & Temesi, A. (2021). Searching where the treasure is: On the emergence of 

human companion animal partnership (HCAP). Animal Cognition, 24(2), 387–394. 

https://doi.org/10.1007/s10071-020-01467-z 

Miller, M. E., Christensen, G. C., & Evans, H. E. (1964). Anatomy of the Dog. Philadelphia: WB 

Saunders. 

Miller, D. J., Duka, T., Stimpson, C. D., Schapiro, S. J., Baze, W. B., McArthur, M. J., Fobbs, A. J., 

Sousa, A. M. M., Šestan, N., Wildman, D. E., Lipovich, L., Kuzawa, C. W., Hof, P. R., & 

Sherwood, C. C. (2012). Prolonged myelination in human neocortical evolution. 

Proceedings of the National Academy of Sciences, 109(41), 16480–16485. 

https://doi.org/10.1073/pnas.1117943109 

Mirescu, C., & Gould, E. (2006). Stress and adult neurogenesis. Hippocampus, 16(3), 233–238. 

https://doi.org/10.1002/hipo.20155 

Muthukrishna, M., Doebeli, M., Chudek, M., & Henrich, J. (2018). The Cultural Brain Hypothesis: 

How culture drives brain expansion, sociality, and life history. PLOS Computational Biology, 

14(11), e1006504. https://doi.org/10.1371/journal.pcbi.1006504 

Nadeau, S. E. (2010). Hemispheric asymmetry: What, why, and at what cost? Journal of the 

International Neuropsychological Society, 16(4), 593–595. 

https://doi.org/10.1017/S135561771000041X 



160 

Nagasawa, M., Kawai, E., Mogi, K., & Kikusui, T. (2013). Dogs show left facial lateralization upon 

reunion with their owners. Behav Proc 98, 112–116. 

Nakaimuki, A., Paska, B., Cuaya, L. V., Hernández-Pérez, R., Czeibert, K., Szabó, D., Kubinyi, E., & 

Andics, A. (2025). Dogs' olfactory resting-state functional connectivity is modulated by age 

and brain shape. Scientific Reports, 15(1), 11438. https://doi.org/10.1038/s41598-025-

95123-6 

Neubauer, S., Gunz, P., & Hublin, J. (2009). The pattern of endocranial ontogenetic shape changes 

in humans. Journal of Anatomy, 215(3), 240–255. https://doi.org/10.1111/j.1469-

7580.2009.01106.x 

Neubauer, S., Hublin, J.-J., & Gunz, P. (2018). The evolution of modern human brain shape. 

SCIENCE ADVANCES. 

Neubauer, S., Gunz, P., Scott, N. A., Hublin, J.-J., & Mitteroecker, P. (2020). Evolution of brain 

lateralization: A shared hominid pattern of endocranial asymmetry is much more variable in 

humans than in great apes. Science Advances, 6(7), eaax9935. 

https://doi.org/10.1126/sciadv.aax9935 

Nguyen, M., Chang, A., Micciche, E., Meshulam, M., Nastase, S. A., & Hasson, U. (2022). Teacher–

student neural coupling during teaching and learning. Social Cognitive and Affective 

Neuroscience, 17(4), 367–376. https://doi.org/10.1093/scan/nsab103 

Noden, D. M., & Trainor, P. A. (2005). Relations and Interactions Between Cranial Mesoderm and 

Neural Crest Populations. Journal of anatomy 207(5), 575–601. 

Norton, H. L., Quillen, E. E., Bigham, A. W., Pearson, L. N., & Dunsworth, H. (2019). Human races 

are not like dog breeds: refuting a racist analogy. Evol Educ Outreach 12, 1–20. 

O'keefe, & Nadal. (1978). The hippocampus as a cognitive map. Oxford University Press. 

Ochs, E., & Schieffelin, B. (1984). Language Acquisition and Socialization: Three Developmental 

Stories and Their Implications. In Culture Theory: Essays on Mind, Self, and Emotion (pp. 

276–320). Cambridge University Press. 

Ocklenburg, S., Schlaffke, L., Hugdahl, K., & Westerhausen, R. (2014). From structure to function in 

the lateralized brain: How structural properties of the arcuate and uncinate fasciculus are 

associated with dichotic listening performance. Neuroscience Letters, 580, 32–36. 

https://doi.org/10.1016/j.neulet.2014.07.044 

Ocklenburg, S., & Güntürkün, O. (2017). The Lateralized Brain: The Neuroscience and Evolution of 

Hemispheric Asymmetries. Academic Press. 

Ocklenburg, S., Isparta, S., Peterburs, J., & Papadatou-Pastou, M. (2019). Paw preferences in cats 

and dogs: meta-analysis. Laterality: asymmetries of body. Brain Cogn 24, 647–677. 

Ocklenburg, S., Peterburs, J., & Mundorf, A. (2022). Hemispheric asymmetries in the amygdala: a 

comparative primer. Prog Neurobiol 214, 102283. 

Palladino, P., Cornoldi, C., De Beni, R., & Pazzaglia, F. (2001). Working memory and updating 

processes in reading comprehension. Memory & Cognition, 29(2), 344–354. 

https://doi.org/10.3758/BF03194929 

Parker, H. G., Kim, L. V., Sutter, N. B., Carlson, S., Lorentzen, T. D., Malek, T. B., Johnson, G. S., 

DeFrance, H. B., Ostrander, E. A., & Kruglyak, L. (2004). Genetic structure of the purebred 

domestic dog. Science 304, 1160–1164. 



161 

Parker, H. G., Shearin, A. L., & Ostrander, E. A. (2010). Man’s Best Friend Becomes Biology’s Best 

in Show: Genome Analyses in the Domestic Dog. Annual Review of Genetics 44, 309–336. 

Parker, H. G., Dreger, D. L., Rimbault, M., Davis, B. W., Mullen, A. B., Carpintero-Ramirez, G., & 

Ostrander, E. A. (2017). Genomic Analyses Reveal the Influence of Geographic Origin, 

Migration, and Hybridization on Modern Dog Breed Development. Cell Reports, 19(4), 697–

708. https://doi.org/10.1016/j.celrep.2017.03.079 

Pedersen, N., Liu, H., Theilen, G., & Sacks, B. (2013). The effects of dog breed development on 

genetic diversity and the relative influences of performance and conformation breeding. J 

Anim Breed Genet 130, 236–248. 

Pellegrino, F., & Gómez Álvarez, C. M. (2023). Electroencephalographic features of the developing 

brain in 72 dogs under xylazine sedation: A visual and statistical analysis. Frontiers in 

Veterinary Science, 10, 1150617. https://doi.org/10.3389/fvets.2023.1150617 

Pérez-Claros, J. A., Jiménez-Arenas, J. M., & Palmqvist, P. (2015). Neurocranium versus Face: A 

Morphometric Approach with Classical Anthropometric Variables for Characterizing Patterns 

of Cranial Integration in Extant Hominoids and Extinct Hominins. PLOS ONE, 10(7), 

e0131055. https://doi.org/10.1371/journal.pone.0131055 

Phillips, K. A., & Sherwood, C. C. (2005). Primary motor cortex asymmetry is correlated with 

handedness in capuchin monkeys (Cebus apella). Behav Neurosci 119, 1701. 

Phillips, K. A., Stimpson, C. D., Smaers, J. B., Raghanti, M. A., Jacobs, B., Popratiloff, A., Hof, P. R., 

& Sherwood, C. C. (2015). The corpus callosum in primates: processing speed of axons and 

the evolution of hemispheric asymmetry. Proc R Soc b Biol Sci 282, 20151535. 

Pilegaard, A. M., Berendt, M., Holst, P., Møller, A., & McEvoy, F. J. (2017). Effect of Skull Type on the 

Relative Size of Cerebral Cortex and Lateral Ventricles in Dogs. Frontiers in Veterinary 

Science 4, 30. 

Pilot, M., Malewski, T., Moura, A. E., Grzybowski, T., Oleński, K., Kamiński, S., Fadel, F. R., Alagaili, 

A. N., Mohammed, O. B., & Bogdanowicz, W. (2016). Diversifying Selection Between Pure-

Breed and Free-Breeding Dogs Inferred from Genome-Wide SNP Analysis. G3 

Genes\|Genomes\|Genetics, 6(8), 2285–2298. https://doi.org/10.1534/g3.116.029678 

Platt, Seyfarth, & Cheney. (2016). Adaptations for social cognition in the primate brain (Pt. 1687). 

Philosophical Transactions of the Royal Society B: Biological Sciences, 371. 

Polgár, Z., Kinnunen, M., Újváry, D., & Gácsi, M. (2016). A Test of Canine Olfactory Capacity: 

Comparing Various Dog Breeds and Wolves in a Natural Detection Task. PLoS ONE 11(5), 

e0154087. 

Pongrácz, P., & Dobos, P. (2025a). Natural Born Detourers Modern Utility Dog Breeds Show 

Ancestry‐Based Superiority in Social Learning Capacity in a Detour Task. Evolutionary 

Applications, 18(8), e70151. https://doi.org/10.1111/eva.70151 

Pongrácz, P., & Dobos, P. (2025b). Social learning in dogs from an ecologically valid perspective. 

Biologia Futura, 76(2), 233–248. https://doi.org/10.1007/s42977-025-00271-5 

Postema, M. C., Van Rooij, D., Anagnostou, E., Arango, C., Auzias, G., Behrmann, M., Filho, G. B., 

Calderoni, S., Calvo, R., Daly, E., Deruelle, C., Di Martino, A., Dinstein, I., Duran, F. L. S., 

Durston, S., Ecker, C., Ehrlich, S., Fair, D., Fedor, J., ... Francks, C. (2019). Altered 



162 

structural brain asymmetry in autism spectrum disorder in a study of 54 datasets. Nature 

Communications, 10(1), 4958. https://doi.org/10.1038/s41467-019-13005-8 

Preuss, T. M. (2011). The human brain: Rewired and running hot. Annals of the New York Academy 

of Sciences, 1225(S1). https://doi.org/10.1111/j.1749-6632.2011.06001.x 

Preuss, T. M., & Wise, S. P. (2022). Evolution of prefrontal cortex. Neuropsychopharmacology 47, 3–

19. 

Price, E. O. (1984). Behavioral aspects of animal domestication. Q Rev Biol 59, 1–32. 

Price, C. J. (2012). A review and synthesis of the first 20 years of PET and fMRI studies of heard 

speech, spoken language and reading. Neuroimage 62, 816–847. 

Prichard, A., Cook, P. F., Spivak, M., Chhibber, R., & Berns, G. S. (2018). Awake fMRI Reveals Brain 

Regions for Novel Word Detection in Dogs. Frontiers in Neuroscience 12, 737. 

Puxeddu, M. G., Faskowitz, J., Seguin, C., Yovel, Y., Assaf, Y., Betzel, R., & Sporns, O. (2024). 

Relation of connectome topology to brain volume across 103 mammalian species. PLOS 

Biology, 22(2), e3002489. https://doi.org/10.1371/journal.pbio.3002489 

Qiu, D., Tan, L., Siok, W., Zhou, K., & Khong, P. (2011). Lateralization of the arcuate fasciculus and 

its differential correlation with reading ability between young learners and experienced 

readers: A diffusion tensor tractography study in a chinese cohort. Human Brain Mapping, 

32(12), 2054–2063. https://doi.org/10.1002/hbm.21168 

R Core Team (2021). R: a language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 

Radinsky, L. B. (1969). OUTLINES OF CANID AND FELID BRAIN EVOLUTION\. Annals of the New 

York Academy of Sciences, 167(1), 277–288. https://doi.org/10.1111/j.1749-

6632.1969.tb20450.x 

Rağbetli MÇ, Aydinlioğlu, A., Koyun, N., Yayici, R., & Arslan, K. (2010). Total neuron numbers in 

CA1-4 sectors of the dog hippocampus. Indian J Med Res 131, 780–785. 

Ralph, M. A. L., Jefferies, E., Patterson, K., & Rogers, T. T. (2017). The neural and computational 

bases of semantic cognition. Nature Reviews Neuroscience, 18(1), 42–55. 

https://doi.org/10.1038/nrn.2016.150 

Randerath, J., Goldenberg, G., Spijkers, W., Li, Y., & Hermsdörfer, J. (2010). Different left brain 

regions are essential for grasping a tool compared with its subsequent use. NeuroImage, 

53(1), 171–180. https://doi.org/10.1016/j.neuroimage.2010.06.038 

Range, F., & Virányi, Z. (2011). Development of Gaze Following Abilities in Wolves (Canis Lupus). 

PLoS ONE, 6(2), e16888. https://doi.org/10.1371/journal.pone.0016888 

Range, F., Ritter, C., & Virányi, Z. (2015). Testing the myth: tolerant dogs and aggressive wolves. 

Proc Biol Sci 282, 20150220. 

Range, F., & VirÃ¡nyi, Z. (2015). Tracking the evolutionary origins of dog-human cooperation: The 

â€œCanine Cooperation Hypothesisâ€. Frontiers in Psychology, 5. 

https://doi.org/10.3389/fpsyg.2014.01582 

Range, F., & Marshall-Pescini, S. (2022). Comparing wolves and dogs: current status and 

implications for human 'self-domestication'. Trends Cogn Sci 26, 337–349. 



163 

Rasdolsky, T. (1927). The asymmetry of the hemispheres of the brain in man and animals. J Nerv 

Ment Dis 62, 119–132. 

Reicher, V., Bunford, N., Kis, A., Carreiro, C., Csibra, B., Kratz, L., & Gácsi, M. (2021). 

Developmental features of sleep electrophysiology in family dogs. Scientific Reports, 11(1), 

22760. https://doi.org/10.1038/s41598-021-02117-1 

Richtsmeier, J. T., & Flaherty, K. (2013). Hand in Glove: Brain and Skull in Development and 

Dysmorphogenesis. Acta Neuropathologica 125, 469–489. 

Rilling, J. K., Glasser, M. F., Preuss, T. M., Ma, X., Zhao, T., Hu, X., & Behrens, T. E. J. (2008). The 

evolution of the arcuate fasciculus revealed with comparative DTI. Nature Neuroscience, 

11(4), 426–428. https://doi.org/10.1038/nn2072 

Rilling, J. K. (2014). Comparative primate neuroimaging: Insights into human brain evolution. Trends 

in Cognitive Sciences, 18(1), 46–55. https://doi.org/10.1016/j.tics.2013.09.013 

Ringo, J. L., Doty, R. W., Demeter, S., & Simard, P. Y. (1994). Time Is of the Essence: A Conjecture 

that Hemispheric Specialization Arises from Interhemispheric Conduction Delay. Cerebral 

Cortex, 4(4), 331–343. https://doi.org/10.1093/cercor/4.4.331 

Ritchie, E. G., Dickman, C. R., Letnic, M., & Vanak, A. T. (2013). Dogs as predators and trophic 

regulators. In M. E. Gompper (Ed.), Free-Ranging Dogs and Wildlife Conservation (pp. 55–

68). Oxford University Press. 

https://doi.org/10.1093/acprof:osobl/9780199663217.003.0002. 

Ritter, C., Eigen, L., Deiringer, N., Laubscher, L., & Brecht, M. (2023). Coevolution of Rostrum and 

Brain in Pig Species. Journal of Comparative Neurology 531(7), 775–789. 

Ritvo, H. (1986). Pride and Pedigree: The Evolution of the Victorian Dog Fancy. VICTORIAN 

STUDIES. 

Rogers, L. J. (2000). Evolution of hemispheric specialization: advantages and disadvantages. Brain 

Lang 73, 236–253. 

Rogers, L., Zucca, P., & Vallortigara, G. (2004). Advantages of having a lateralized brain. 

Proceedings of the Royal Society of London. Series B: Biological Sciences, 271(suppl_6). 

https://doi.org/10.1098/rsbl.2004.0200 

Rogers, L., Vallortigara, G., & Andrew, R. (2013). Divided brains: The biology and behaviour of brain 

asymmetries. Cambridge University Press. 

Rogers, L. (2021). Brain Lateralization and Cognitive Capacity. Animals, 11(7), 1996. 

https://doi.org/10.3390/ani11071996 

Rojas, D., Borrero-, M. A., & Ó. E. Murillo-García (2022). Coevolution of Brain and Palate During the 

Diversification of Specialized Frugivorous Bats. Biological Journal of the Linnean Society 

136(2), 346–353. 

Salomons, H., et al. (2021). Cooperative communication with humans evolved to emerge early in 

domestic dogs. Curr Biol 31, 3137–3144. 

Sánchez‐Villagra, M. R., & Van Schaik, C. P. (2019). Evaluating the self‐domestication hypothesis of 

human evolution. Evolutionary Anthropology: Issues, News, and Reviews, 28(3), 133–143. 

https://doi.org/10.1002/evan.21777 



164 

Saxe, R., & Kanwisher, N. (2003). People thinking about thinking peopleThe role of the temporo-

parietal junction in "theory of mind." NeuroImage, 19(4), 1835–1842. 

https://doi.org/10.1016/S1053-8119(03)00230-1 

Scerri, E. M. L., Thomas, M. G., Manica, A., Gunz, P., Stock, J. T., Stringer, C., Grove, M., Groucutt, 

H. S., Timmermann, A., Rightmire, G. P., d'Errico, F., Tryon, C. A., Drake, N. A., Brooks, A. 

S., Dennell, R. W., Durbin, R., Henn, B. M., Lee-Thorp, J., deMenocal, P., ... Chikhi, L. 

(2018). Did Our Species Evolve in Subdivided Populations across Africa, and Why Does It 

Matter? Trends in Ecology & Evolution, 33(8), 582–594. 

https://doi.org/10.1016/j.tree.2018.05.005 

Schmahmann, J. D. (2016). The cerebrocerebellar system. In: Gruol DL, Koibuchi N, Manto M, 

Molinari M, Schmahmann J, Shen Y (eds) Essentials of cerebellum and cerebellar 

disorders: a primer for graduate students. Springer, Cham, pp 101–115. 

Schmahmann, J. D. (2019). The cerebellum and cognition. Neurosci Lett 688, 62–75. 

Schmidt, M. J., Kampschulte, M., Enderlein, S., Gorgas, D., Lang, J., Ludewig, E., Fischer, A., 

Meyer-Lindenberg, A., Schaubmar, A. R., Failing, K., & Ondreka, N. (2017). The 

Relationship between Brachycephalic Head Features in Modern Persian Cats and 

Dysmorphologies of the Skull and Internal Hydrocephalus. Journal of Veterinary Internal 

Medicine, 31(5), 1487–1501. https://doi.org/10.1111/jvim.14805 

Schneider, L. A., Delfabbro, P. H., & Burns, N. R. (2012). The influence of cerebral lateralisation on 

the behaviour of the racing greyhound. Appl Anim Behav Sci 141, 57–64. 

Schoenebeck, J. J., & Ostrander, E. A. (2013). The Genetics of Canine Skull Shape Variation. 

Genetics 193(2), 317–325. 

Scott, J. P. (1968). Evolution and domestication of the dog. In: Evolutionary biology: volume 2 

(Dobzhansky T, Hecht MK, Steere WC, eds), pp 243–275. Boston, MA: Springer US. 

Selba, M. C., Bryson, E. R., Rosenberg, C. L., Heng, H. G., & DeLeon, V. B. (2020). Selective 

Breeding in Domestic Dogs: How Selecting for a Short Face Impacted Canine 

Neuroanatomy. Anatomical Record 304(1), 101–115. 

Selba, M. C., Bryson, E. R., Rosenberg, C. L., Heng, H. G., & DeLeon, V. B. (2021). Selective 

breeding in domestic dogs: How selecting for a short face impacted canine neuroanatomy. 

The Anatomical Record, 304(1), 101–115. https://doi.org/10.1002/ar.24471 

Serpell, J. A., & Hsu, Y. A. (2005). Effects of breed, sex, and neuter status on trainability in dogs. 

Anthrozoös, 18(3), 196–207. https://doi.org/10.2752/089279305785594135 

Serpell, J. A. (2021). Commensalism or cross-species adoption? A critical review of theories of wolf 

domestication. Front Vet Sci 8, 662370. 

Sherrington, C. S. (1922). Some aspects of animal mechanism. Science 56, 345–355. 

Sherwood, C. C., & Gómez-Robles, A. (2017). Brain Plasticity and Human Evolution. Annual Review 

of Anthropology, 46(1), 399–419. https://doi.org/10.1146/annurev-anthro-102215-100009 

Shimizu, T., Nayar, S. G., Swire, M., Jiang, Y., Grist, M., Kaller, M., Sampaio Baptista, C., 

Bannerman, D. M., Johansen-Berg, H., Ogasawara, K., Tohyama, K., Li, H., & Richardson, 

W. D. (2023). Oligodendrocyte dynamics dictate cognitive performance outcomes of working 

memory training in mice. Nature Communications, 14(1), 6499. 

https://doi.org/10.1038/s41467-023-42293-4 



165 

Siddiqi, S. H., Kording, K. P., Parvizi, J., & Fox, M. D. (2022). Causal mapping of human brain 

function. Nature Reviews Neuroscience, 23(6), 361–375. https://doi.org/10.1038/s41583-

022-00583-8 

Siniscalchi, M., Sasso, R., Pepe, A. M., Vallortigara, G., & Quaranta, A. (2010). Dogs turn left to 

emotional stimuli. Behav Brain Res 208, 516–521. 

Siniscalchi, M., Pergola, G., & Quaranta, A. (2013). Detour behaviour in attack-trained dogs: left-

turners perform better than right-turners. Laterality: asymmetries of body. Brain Cogn 18, 

282–293. 

Siniscalchi, M., d'Ingeo, S., & Quaranta, A. (2016). The dog nose "KNOWS" fear: asymmetric nostril 

use during sniffing at canine and human emotional stimuli. Behav Brain Res 304, 34–41. 

Siniscalchi, M., d'Ingeo, S., & Quaranta, A. (2017). Lateralized functions in the dog brain. Symmetry 

9, 71. 

Siniscalchi, M., Bertino, D., d'Ingeo, S., & Quaranta, A. (2019). Relationship between motor laterality 

and aggressive behavior in sheepdogs. Symmetry 11, 233. 

Sipple, N., Thielke, L., Smith, A., Vitale, K. R., & Udell, M. A. R. (2021). Intraspecific and Interspecific 

Attachment between Cohabitant Dogs and Human Caregivers. Integrative and Comparative 

Biology, 61(1), 132–139. https://doi.org/10.1093/icb/icab054 

Skabelund, A. H. (2011). Empire of Dogs: Canines, Japan, and the Making of the Modern Imperial 

World. Cornell University Press. 

Slabbert, J. M., & Odendaal, J. S. J. (1999). Early prediction of adult police dog efficiency–A 

longitudinal study. Applied Animal Behaviour Science, 64(4), 269–288. 

https://doi.org/10.1016/S0168-1591(99)00038-6 

Smaers, J. B., & Rohlf, F. J. (2016). Testing species' deviation from allometric predictions using the 

phylogenetic regression. Evolution 70, 1145–1149. 

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E. J., Johansen-Berg, 

H., Bannister, P. R., De Luca, M., Drobnjak, I., Flitney, D. E., Niazy, R. K., Saunders, J., 

Vickers, J., Zhang, Y., De Stefano, N., Brady, J. M., & Matthews, P. M. (2004). Advances in 

functional and structural MR image analysis and implementation as FSL. NeuroImage, 23, 

S208–S219. https://doi.org/10.1016/j.neuroimage.2004.07.051 

Smith, & Nichols. (2009). Threshold-free cluster enhancement: Addressing problems of smoothing, 

threshold dependence and localisation in cluster inference. NeuroImage, 44(1), 83–98. 

https://doi.org/10.1016/j.neuroimage.2008.03.061 

Smith, B. P., Browne, M., & Serpell, J. A. (2017). Owner-reported behavioural characteristics of 

dingoes ( Canis dingo ) living as companion animals: A comparison to 'modern' and 'ancient' 

dog breeds. Applied Animal Behaviour Science, 187, 77–84. 

https://doi.org/10.1016/j.applanim.2016.11.010 

Staes, N., Smaers, J. B., Kunkle, A. E., Hopkins, W. D., Bradley, B. J., & Sherwood, C. C. (2019). 

Evolutionary divergence of neuroanatomical organization and related genes in chimpanzees 

and bonobos. Cortex, 118, 154–164. https://doi.org/10.1016/j.cortex.2018.09.016 

Starck, D (1962). Der Heutige Stand Des Fetalisationsproblems. Zeitschrift Für Tierzüchtung Und 

Züchtungsbiologie 77, no. 1–4, 129–155. 



166 

Stiles, J., & Jernigan, T. L. (2010). The Basics of Brain Development. Neuropsychology Review 

20(4), 327–348. 

Stone, H. R., Mc, P. D., Starling, M. J., & Forkman, B. (2016). Associations Between Domestic-Dog 

Morphology and Behaviour Scores in the Dog Mentality Assessment. PLoS ONE 11(2), 

e0149403. 

Stoodley, C., & Schmahmann, J. (2018). Functional topography of the human cerebellum. In 

Handbook of Clinical Neurology (Vol. 154, pp. 59–70). Elsevier. 

https://doi.org/10.1016/B978-0-444-63956-1.00004-7 

Stout, D., & Hecht, E. E. (2017). Evolutionary neuroscience of cumulative culture. Proceedings of 

the National Academy of Sciences, 114(30), 7861–7868. 

https://doi.org/10.1073/pnas.1620738114 

Strait, D. S., Weber, G. W., Neubauer, S., et al. (2009). The Feeding Biomechanics and Dietary 

Ecology of Australopithecus africanus. Proceedings of the National Academy of Sciences 

106(7), 2124–2129. 

Striedter, G. F., & Northcutt, R. G. (2019). Brains through time: a natural history of vertebrates. 

Oxford, UK: Oxford University Press. 

Surbakti, S., Parker, H. G., McIntyre, J. K., Maury, H. K., Cairns, K. M., Selvig, M., Pangau-Adam, 

M., Safonpo, A., Numberi, L., Runtuboi, D. Y. P., Davis, B. W., & Ostrander, E. A. (2020). 

New Guinea highland wild dogs are the original New Guinea singing dogs. Proceedings of 

the National Academy of Sciences, 117(39), 24369–24376. 

https://doi.org/10.1073/pnas.2007242117 

Sutter, N. B., Mosher, D. S., Gray, M. M., & Ostrander, E. A. (2008). Morphometrics within dog 

breeds are highly reproducible and dispute Rensch's rule. Mamm Genome 19, 713–723. 

Szabó, D., Czeibert, K., Kettinger Á, Gácsi, M., Andics, A., Miklósi Á, & Kubinyi, E. (2019). Resting-

state fMRI data of awake dogs (Canis familiaris) via group-level independent component 

analysis reveal multiple, spatially distributed resting-state networks. Sci Rep 9, 1–25. 

Sznajder, B., Sabelis, M. W., & Egas, M. (2012). How Adaptive Learning Affects Evolution: 

Reviewing Theory on the Baldwin Effect. Evolutionary Biology, 39(3), 301–310. 

https://doi.org/10.1007/s11692-011-9155-2 

Takao, H., Abe, O., Yamasue, H., Aoki, S., Sasaki, H., Kasai, K., Yoshioka, N., & Ohtomo, K. (2011). 

Gray and white matter asymmetries in healthy individuals aged 21–29 years: A voxel‐based 

morphometry and diffusion tensor imaging study. Human Brain Mapping, 32(10), 1762–

1773. https://doi.org/10.1002/hbm.21145 

Tan Ü, & Çalşikan, S. (1987). Allometry and asymmetry in the dog brain: the right hemisphere is 

heavier regardless of paw preference. Int J Neurosci 35, 189–194. 

Tancredi, D., & Cardinali, I. (2023). Being a Dog: A Review of the Domestication Process. Genes, 

14(5), 992. https://doi.org/10.3390/genes14050992 

Tedor, J., & Reif, J. (1978). Journal of the American Veterinary Medical Association. 172(10). 

Thalmann, O., & Perri, A. R. (2019). Paleogenomic inferences of dog domestication. In: 

Paleogenomics: genome-scale analysis of ancient DNA (Lindqvist C, Rajora OP, eds), pp 

273–306. Cham, Switzerland: Springer International Publishing. 



167 

Thompkins, A. M., Deshpande, G., Waggoner, P., & Katz, J. S. (2016). Functional Magnetic 

Resonance Imaging of the Domestic Dog: Research, Methodology, and Conceptual Issues. 

Comparative Cognition & Behavior Reviews, 11, 63–82. 

https://doi.org/10.3819/ccbr.2016.110004 

Thompkins, A. M., Ramaiahgari, B., Zhao, S., Gotoor, S. S. R., Waggoner, P., Denney, T. S., 

Deshpande, G., & Katz, J. S. (2018). Separate brain areas for processing human and dog 

faces as revealed by awake fMRI in dogs (Canis familiaris). Learning & Behavior, 46(4), 

561–573. https://doi.org/10.3758/s13420-018-0352-z 

Thornton, A., & Raihani, N. J. (2010). Identifying teaching in wild animals. Learning & Behavior, 

38(3), 297–309. https://doi.org/10.3758/LB.38.3.297 

Tomasello, M., & Carpenter, M. (2007). Shared intentionality. Developmental Science, 10(1), 121–

125. https://doi.org/10.1111/j.1467-7687.2007.00573.x 

Tomkins, L. M., Thomson, P. C., & McGreevy, P. D. (2012). Associations between motor, sensory 

and structural lateralisation and guide dog success. Vet J 192, 359–367. 

Topál, J., Byrne, R. W., Miklósi, Á., & Csányi, V. (2006). Reproducing human actions and action 

sequences: "Do as I Do!" in a dog. Animal Cognition, 9(4), 355–367. 

https://doi.org/10.1007/s10071-006-0051-6 

Tovote, P., Fadok, J. P., & Lüthi, A. (2015). Neuronal Circuits for Fear and Anxiety. Nature Reviews 

Neuroscience 16(6), 317–331. 

Trut, L., Oskina, I., & Kharlamova, A. (2009). Animal evolution during domestication: the 

domesticated fox as a model. Bioessays 31, 349–360. 

Trut, L. N., Kharlamova, A. V., Pilipenko, A. S., & Herbeck, Yu. E. (2021). The Fox Domestication 

Experiment and Dog Evolution: A View Based on Modern Molecular, Genetic, and 

Archaeological Data. Russian Journal of Genetics, 57(7), 778–794. 

https://doi.org/10.1134/S1022795421070140 

Turcsán, B., Kubinyi, E., & Miklósi, Á. (2011). Trainability and boldness traits differ between dog 

breed clusters based on conventional breed categories and genetic relatedness. Applied 

Animal Behaviour Science, 132(1–2), 61–70. https://doi.org/10.1016/j.applanim.2011.03.006 

Turcsán, B., Ujfalussy, D. J., Kerepesi, A., Miklósi, Á., & Kubinyi, E. (2025). Similarities and 

differences between dog–human and human–human relationships. Scientific Reports, 15(1), 

11871. https://doi.org/10.1038/s41598-025-95515-8 

Udell, M. A. R., Dorey, N. R., & Wynne, C. D. L. (2008). Wolves outperform dogs in following human 

social cues. Animal Behaviour, 76(6), 1767–1773. 

https://doi.org/10.1016/j.anbehav.2008.07.028 

Ussow, S., & S (1901). Über Alters-und Wachstumsveränderungen am Knochengerüst der 

Haussäugetiere. Prakt Tierheilk 27, 341–349. 

Vallortigara, G., & Rogers, L. J. (2005). survival with an asymmetrical brain: Advantages and 

disadvantages of cerebral lateralization. Behavioral and Brain Sciences, 28(4), 575–589. 

https://doi.org/10.1017/S0140525X05000105 

Van Den Heuvel, M. P., Ardesch, D. J., Scholtens, L. H., De Lange, S. C., Van Haren, N. E. M., 

Sommer, I. E. C., Dannlowski, U., Repple, J., Preuss, T. M., Hopkins, W. D., & Rilling, J. K. 

(2023). Human and chimpanzee shared and divergent neurobiological systems for general 



168 

and specific cognitive brain functions. Proceedings of the National Academy of Sciences, 

120(22), e2218565120. https://doi.org/10.1073/pnas.2218565120 

Vélez, N., Chen, A. M., Burke, T., Cushman, F. A., & Gershman, S. J. (2023). Teachers recruit 

mentalizing regions to represent learners' beliefs. Proceedings of the National Academy of 

Sciences, 120(22), e2215015120. https://doi.org/10.1073/pnas.2215015120 

Verhelst, H. (2025). Revisiting atypical language lateralization in dyslexia. Brain Communications, 

7(6). 

Vickery, S., Hopkins, W. D., Sherwood, C. C., Schapiro, S. J., Latzman, R. D., Caspers, S., Gaser, 

C., Eickhoff, S. B., Dahnke, R., & Hoffstaedter, F. (2020). Chimpanzee brain morphometry 

utilizing standardized MRI preprocessing and macroanatomical annotations. Elife 9, 

e60136. 

Vonholdt, B. M., et al. (2010). Genome-wide SNP and haplotype analyses reveal a rich history 

underlying dog domestication. Nature 464, 898–902. 

Vyas, B., Nandkishore, N., & Sambasivan, R. (2020). Vertebrate Cranial Mesoderm: Developmental 

Trajectory and Evolutionary Origin. Cellular and Molecular Life Sciences 77, 1933–1945. 

Wallis, L. J., Iotchev, I. B., & Kubinyi, E. (2020). Assertive, trainable and older dogs are perceived as 

more dominant in multi-dog households. PLOS ONE, 15(1), e0227253. 

https://doi.org/10.1371/journal.pone.0227253 

Wang, S. S.-H., Shultz, J. R., Burish, M. J., Harrison, K. H., Hof, P. R., Towns, L. C., Wagers, M. W., 

& Wyatt, K. D. (2008). Functional Trade-Offs in White Matter Axonal Scaling. The Journal of 

Neuroscience, 28(15), 4047–4056. https://doi.org/10.1523/JNEUROSCI.5559-05.2008 

Wang, Zhai, W., Yang, H., Fan, R., Cao, X., Zhong, L., Wang, L., Liu, F., Wu, H., Cheng, L., 

Poyarkov, A. D., Poyarkov Jr, N. A., Tang, S., Zhao, W., Gao, Y., Lv, X., Irwin, D. M., 

Savolainen, P., Wu, C.-I., & Zhang, Y. (2013). The genomics of selection in dogs and the 

parallel evolution between dogs and humans. Nature Communications, 4(1), 1860. 

https://doi.org/10.1038/ncomms2814 

Warling, A., McDermott, C. L., Liu, S., Seidlitz, J., Rodrigue, A. L., Nadig, A., Gur, R. C., Gur, R. E., 

Roalf, D., Moore, T. M., Glahn, D., Satterthwaite, T. D., Bullmore, E. T., & Raznahan, A. 

(2021). Regional White Matter Scaling in the Human Brain. The Journal of Neuroscience, 

41(33), 7015–7028. https://doi.org/10.1523/JNEUROSCI.1193-21.2021 

Watson, T. C., Cerminara, N. L., Lumb, B. M., & Apps, R. (2016). Neural Correlates of Fear in the 

Periaqueductal Gray. Journal of Neuroscience 36(50), 12707–12719. 

Wiener, P., Sánchez-Molano, E., Clements, D. N., Woolliams, J. A., Haskell, M. J., & Blott, S. C. 

(2017). Genomic data illuminates demography, genetic structure and selection of a popular 

dog breed. BMC Genomics, 18(1), 609. https://doi.org/10.1186/s12864-017-3933-x 

Winkler, A. M., Ridgway, G. R., Webster, M. A., Smith, S. M., & Nichols, T. E. (2014). Permutation 

inference for the general linear model. NeuroImage, 92, 381–397. 

https://doi.org/10.1016/j.neuroimage.2014.01.060 

Wirth, K. E., & Rein, D. B. (2008). The Economic Costs and Benefits of Dog Guides for the Blind. 

Ophthalmic Epidemiology, 15(2), 92–98. https://doi.org/10.1080/09286580801939353 

Worboys, M., Strange, J.-M., & Pemberton, N. (2018). The invention of the modern dog: Breed and 

blood in Victorian Britain. Johns Hopkins University Press. 



169 

Xia, J., Wang, F., Wu, Z., Wang, L., Zhang, C., Shen, D., & Li, G. (2019). Mapping hemispheric 

asymmetries of the macaque cerebral cortex during early brain development. Hum Brain 

Mapp 41, 95–106. 

Xia, X., Gao, F., & Yuan, Z. (2021). Species and individual differences and connectional asymmetry 

of Broca's area in humans and macaques. Neuroimage 244, 118583. 

Xiang, L., Crow, T. J., Hopkins, W. D., & Roberts, N. (2020). Comparison of surface area and cortical 

thickness asymmetry in the human and chimpanzee brain. Cereb Cortex bhaa202. 

Xin, W., & Chan, J. R. (2020). Myelin plasticity: Sculpting circuits in learning and memory. Nature 

Reviews Neuroscience, 21(12), 682–694. https://doi.org/10.1038/s41583-020-00379-8 

Xu, L., Groth, K. M., Pearlson, G., Schretlen, D. J., & Calhoun, V. D. (2009). Source-based 

morphometry: the use of independent component analysis to identify gray matter differences 

with application to schizophrenia. Hum Brain Mapp 30, 711–724. 

Yan, C., Gong, G., Wang, J., Wang, D., Liu, D., Zhu, C., Chen, Z. J., Evans, A., Zang, Y., & He, Y. 

(2011). Sex- and brain size–related small-world structural cortical networks in young adults: 

a DTI tractography study. Cereb Cortex 21, 449–458. 

Zeder, M. A. (2012). Pathways to animal domestication. Biodiversity in Agriculture: Domestication, 

Evolution, and Sustainability 10, 227–259. 

Zeller, E., Timmermann, A., Yun, K.-S., Raia, P., Stein, K., & Ruan, J. (2023). Human adaptation to 

diverse biomes over the past 3 million years. Science. 

Zhang, K., & Sejnowski, T. J. (2000). A universal scaling law between gray matter and white matter 

of cerebral cortex. Proceedings of the National Academy of Sciences, 97(10), 5621–5626. 

https://doi.org/10.1073/pnas.090504197 

Zhang, Y., Brady, M., & Smith, S. (2001). Segmentation of brain MR images through a hidden 

Markov random field model and the expectation-maximization algorithm. IEEE Trans Med 

Imaging 20, 45–57. 

Zhang, R., Quan, H., Wang, Y., & Luo, F. (2023). Neurogenesis in primates versus rodents and the 

value of non-human primate models. National Science Review, 10(11), nwad248. 

https://doi.org/10.1093/nsr/nwad248 

Zhou, D., Lebel, C., Evans, A., & Beaulieu, C. (2013). Cortical thickness asymmetry from childhood 

to older adulthood. Neuroimage 83, 66–74. 

Zimmermann, S., Sakreida, K., Bludau, S., Camilleri, J. A., Hoffstaedter, F., Pelzer, D. I., Aleman, A., 

Brückner, T., Derntl, B., Frank, E., Frodl, T., Fuentes-Claramonte, P., García-León, M. Á., 

Gruber, O., Hajak, G., Heim, S., Jardri, R., Kogler, L., Kreuzer, P. M., ... Poeppl, T. B. (2024). 

Asymmetry, cytoarchitectonic morphology and genetics associated with Broca's area in 

schizophrenia. Nature Mental Health, 2(3), 310–319. https://doi.org/10.1038/s44220-023-

00200-2 

Zollikofer, C. P. E. (2012). Evolution of hominin cranial ontogeny. In Progress in Brain Research (Vol. 

195, pp. 273–292). Elsevier. https://doi.org/10.1016/B978-0-444-53860-4.00013-1 

Zollikofer, C. P. E., Bienvenu, T., Beyene, Y., Suwa, G., Asfaw, B., White, T. D., & Ponce De León, M. 

S. (2022). Endocranial ontogeny and evolution in early Homo sapiens: The evidence from 

Herto, Ethiopia. Proceedings of the National Academy of Sciences, 119(32), e2123553119. 

https://doi.org/10.1073/pnas.2123553119 


